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Abstract 
 
In this study, basic physical properties of rocks from the Swiss Alps have been determined 
and analyzed in an integrated manner. Laboratory measurements have been carried out on the 
following physical parameters: bulk density, matrix density, thermal conductivity, magnetic 
susceptibility and P-wave velocity. Several other parameters have been deduced by 
calculation, such as porosity, and the anisotropies of the thermal conductivity and P-wave 
velocity, and finally seismic velocity attenuation.  
 
Thermal conductivity has been measured at room temperature using a QTM (Quick Thermal 
Meter) apparatus. By analyzing the difference in thermal conductivity and its anisotropy 
under dry and saturated states, the pore configuration of most of the measured rock samples is 
shown to correspond to an inter-connected pore model and with the pores orientated in an 
aligned flat shape. 
 
Seismic P-wave velocity has been measured at room temperature under high confining 
pressures up to 400 MPa in steps of 20 MPa. P-wave velocity variation with pressure can be 
fitted to a semi-empirical relationship with 4 parameters in order to extrapolate the 
experimental data to higher pressure. 
 
The spectral ratio (SR) method has been used to obtain seismic wave attenuation as defined 
by the quality factor Q. 
 
The relationship between the different physical properties measured has been investigated 
using correlation coefficients and factor analysis for the various petrophysical parameters. 
From the correlation coefficients of the measured data, the best relationship is between P-
wave velocity and bulk density, whilst the thermal conductivity and P-wave velocity seem not 
numerically correlated. Results from factor analysis confirm that the original 10 measured 
“parameters” are reduced to 3 independent factors. 
 
Although petrophysical parameters measured in the laboratory on surface rock samples are 
not the same at those under different conditions in the deep crust, the quantitative order of 
magnitude is definitely of great use for a better interpretation of geophysical survey data in 
different geological backgrounds. The laboratory study provides a better understanding of the 
variation of petrophysical properties with depth and other physical conditions. 
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Resumé  
 
Introduction 
 
Le laboratoire de Petrophysique de l'université de Genève a été mandaté par la Commission 
géophysique suisse pour établir un catalogue des propriétés physiques principales de roches 
provenant de différents environnements géologiques des Alpes suisses et régions avoisinanates 
(Wagner et al. 1999). Cette activité de recherche a commencé à la fin des années 80, quand un 
système experimental de mesure de vitesse sismique a été établi avec un autoclave à haute 
pression pour simuler les conditions crustales jusqu'à 15 kilomètres de profondeur. Barblan 
(1990) a contribué à la mise au point du système de mesure permettant au travers d’un 
programme PC d’acquérir les données, et de calibrant le système de mesure. Il a travaillé avec 
des échantillons provenant de la zone d'Ivrée, (vallée d'Ossola, de Strona et de Sesia). Sellami 
(1994) a continué les mesures de vitesse et a appliqué ses résultats expérimentaux à une 
interprétation de profils sismiques réflexion alpins  dans le cadre du PNR20programme de 
recherche national de profil sismique alpestre de réflexion : « Etudes du sousbassement de la 
Suisse ». En 1995, le laboratoire s’est équipé pour la mesure de la conductivité thermique ce qui 
permettait d'obtenir une vue intégrée des propriétés thermiques et élastiques sur les mêmes 
échantillons de roche. La détermination de différents paramètres physiques (masse volumique, 
conductivité thermique, vitesse, susceptibilité magnétique) sur le même échantillon de roche 
permet une approche paramétrique intégrale. Le but de cette présente recherche est d'analyser les 
données de laboratoire et de fournir une vue d'ensemble étendue des propriétés physiques sur les 
roches alpines. Elle permet de dénombrer les facteurs dominants qui influencent les paramètres 
physiques des roches. 
 
L'ordre expérimental de la mesure de différents paramètres examinés se compose de trois étapes. 
Pour ne pas endommager des échantillons de roche pendant les mesures de laboratoire, de la 
conductivité thermique, de la masse volumique, de la susceptibilité magnétique ont  précédé les 
mesures sismiques de vitesse.  
 
Étape 1 : Mesure de la conductivité thermique  
Étape 2 : Mesure de la susceptibilié magnétique, mesure de la masse volumique 
Étape 3 : Mesure de vitesse  
Finalement on fournit une vue globale des propriétés physiques des roches alpines et on 
démontre également par des corrélations et l'analyse factorielle des facteurs de dominants qui 
jouent un rôle dans les paramètres physiques des roches. 
 
Prélèvement  
 
Les campagnes de prélèvement se sont d'abord concentrées sur les transects alpins de grande 
importance concernant l'interprétation des profils sismiques alpins. La zone de prélèvement a été 
alors agrandie afin de fournir un catalogue des propriétés de roche avec les lithologies les plus 
représentatives des unités alpines. 
 
Les critères de choix étaient sujets aux contraintes suivantes : 
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¾ représentativité limitée des échantillons 
¾ exemption d’alteration  
¾ la taille et la compacité des échantillons permettant d'être coupées en parallélépipèdes 
decimétrique pour le forage au laboratoire. 
 
En plus des critères ci-dessus, des échantillons de roche ont été pris directement sur des 
affleurements aisément accessibles. En dépis de la dimension de l'échantillon désirée ayant 
d'environ 15 centimètres, un plus grand échantillon de taille était parfois choisi à cause des 
formes irrégulières et de la présence de quelques macro héterogenéité visuels. Les 
macrostructures des échantillons telles que la foliation ou le litage et de temps en temps la 
lineation ont été employées comme cadre de référence géologique et structurale.  
 
Un total de 90 échantillons ont été rassemblés. 
 
Processus expérimentaux 
 
Les échantillons de roche prélevés directement des affleurements présentent une variété de 
formes. Chacun a été visuellement examiné d'un point de vue structural afin de le préparer pour 
être sciér par rapport à sa référence visuelle structurale. Certains des échantillons étaient cassés 
pendant le sciage avec une plus grande lame refroidie à l'eau, et quelques-uns étaient 
malheureusement détruits à cause de leurs structures fracturées. Cependant une grande majorité 
d'échantillons ont été coupés en parallélépipèdes 15 centimètres de côté.  
 
La préparation a été effectuée en deux étapes. De grands échantillons en forme de bloc ont été 
employés pour la mesure thermique et de petits échantillons cylindriques ont été employés pour 
la masse volumique, la vitesse et les mesures de susceptibilité magnètique. 
 
À la fin des mesures thermiques, chaque échantillon de bloc a été foré dans trois directions 
orthogonales ; une parallèle à la foliation et à la linéation, une perpendiculaire à la foliation et 
une à la linéation, et une parallèle à la foliation mais perpendiculaire à la linéation où ces 
éléments de fabrique étaient clairement évidents. Les directions des carottes parallèles à la 
foliation étaient arbitraires si la roche était foliée mais sans linéation et dans ce cas-ci la surface 
parallèle à la foliation a été choisie comme surface de référence. Les trois directions 
orthogonales étaient arbitraires si la roche ne montrait aucun élément de fabrique. Les spécimens 
étaient de 2.54 centimètres de diamètre et ont été coupés à une longueur de 5 centimètres. Les 
surfaces de l'extrémité des spécimens étaient rectifiées à moins de 0.01 millimètre et parallèle à 
moins de 0.1 millimètre. Un échantillon cylindrique additionnel a été préparé pour des mesures 
magnétiques avec une longueur de 2.5 centimètres et finalement des spécimens pour l'analyse de 
lame mince ont été faits séparément en utilisant un bloc rectangulaire de la taille 3×2×1 cm. 
 
Conductivité thermique 
 
Les méthodes pour mesurer la conductivité thermique peuvent être divisées en deux catégories, 
dynamique et statique, selon la distribution de la température dans l'échantillon dépendante du 
temps ou non. Pour les deux méthodes, la solution de l'équation thermique dépend de la 
géométrie de l'échantillon, de la source de chaleur etdu refroidissement. Dans des méthodes 
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dynamiques ou de non-équilibre de mesure, la distribution de la température dans tout 
l'échantillon change avec le temps, donc l'équation complète du flux thermique est nécessaire. Si 
le temps expérimental est court, les pertes de chaleur ont une plus petite influence sur la mesure 
que dans la méthode équilibrée. 
 
Carslaw et Jaeger (1959) prouvent que quand une chaleur constante q par unité de longueur est 
produit par une source de chaleur, l'augmentation T de la température, après un temps t à un 
point situé à une distance r de la source de chaleur en solide d’extension infinie, est donnée par :  
 
T r t
q e
u
du
q
Ei
r
at
u
r
at
( , ) ( )= ⋅ = − ⋅ −
−∞∫4 4 4
2
4
2π λ π λ … .........................................(2) 
où a = diffusivité thermique, 
    c = chaleur spécifique 
    ρ = masse volumique, 
  Ei
r
at
( )−
2
4
 = intégrale exponentielle. 
Pour une petite distance r et pendant une courte période t, 
r
at
2
4
0→ ,
et 
 
T T
q t
t1 2
2
14
− = ⋅ ⋅
⎛
⎝⎜
⎞
⎠⎟π λ ln ................................................................................  (3) 
 
où t1 et le t2 sont les temps de mesure (s), avec respectivement les températures T1 et T2. 
De cette façon, la conductivité thermique peut être obtenue à partir de la pente de l'augmentation 
de la température en fonction de ln (t). Alternativement, le ∆T de la température entre t1 et t2 peut 
être employé. Pour calculer la conductivité thermique à partir de d'eq.(3), les données de 
température-temps sont prises sur la partie linéaire suivant les indications de la Figure 1. 
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Figure 1: Plage de mesure pour l'instrument QTM 
 
La méthode de QTM est basée sur l'hypothèse d'un échantillon de mesure de longueur et 
d'épaisseur infinies, mais dans la pratique, cet instrument est utilisé avec un échantillon de 
dimensions finies. La condition dimensionnelle minimale change avec la conductivité thermique 
de l'échantillon. 
Positions de la sonde pour l'anisotropie de mesure 
 
Les essais sur différentes positions sur un échantillon de roche sont nécessaires pour évaluer 
l'anisotropie des valeurs mesurées. D'une manière plus systématique, deux positions de la ligne 
source sont habituellement choisies sur le plan qui est perpendiculaire au plan de foliation 
suivant les indications de la Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Les positions de la sonde QTM pour mesurer la dépendance de direction,  
A donne λp et B donne λan  
 
1.  λp la conductivité thermique parallèle à la foliation est mesurée directement en plaçant la 
ligne de la sonde perpendiculaire au plan de la foliation. 
 
2.  Cependant, λan la conductivité thermique perpendiculaire à la foliation, et mesurée 
seulement en plaçant la ligne source de la sonde parallèle au litage, contient les composants 
thermiques qui sont parallèles à la foliation, ainsi la conductivité thermique perpendiculaire 
à la foliation doit être corrigée par l'équation suivante (Grubbe et al., 1983), 
 
λn=λan2 / λp. ..................................................................................................(4) 
 
Échantillons secs 
 
La conductivité thermique d'une roche dépend non seulement de la composition minérale mais 
également du type et du taux de porosité, et de la présence des fluides dans les pores. Comme il 
est difficile de déterminer la conductivité des roches partiellement saturées en fluides, on préfère 
L
W
T
Measuring surface
Foliation
A
B
 
 vi 
employer les deux cas extrêmes ; les états secs et saturés. Pour sécher les échantillons, on les 
stocke dans un four pendant 24 heures à 90 °C. 
 
La mesure commence par l'échantillon à l'état sec à la température ambiante (20°C environ) et à 
la pression ambiante.  
 
Échantillons saturés 
 
Pour saturer une roche avec un fluide il est immergé dans un bassin en plastique rempli avec de 
l'eau du robinet pendant plus d'une semaine à la température ambiante. Comme mentionné ci-
dessus, un cycle complet de mesure prend environ une heure. Les longs temps de mesure sur un 
échantillon saturé exposé à l'air ont pu mener aux problèmes d'évaporation. Dans notre cas, les 
roches ont été immergées dans l'eau avec la surface de mesure seulement 5mm plus haut que le 
niveau de l’eau (Figure 3). La feuille en plastique sur la sonde empêche l'évaporation de la 
surface pendant les mesures.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Illustration schématique de la mesure de conductivité thermique pour un 
échantillon saturé. 
 
Variation de la conductivité thermique avec le type de roche 
 
Les résultats expérimentaux montrent que pour le même type de roche la conductivité thermique 
change sur une gamme significative et la saturation en eau produit une conductivité plus élevée. 
On peut noter : 
  
• Les quartzites ont la conductivité thermique la plus élevée, alors que les gypses ont la 
valeur la plus basse. 
• Remplir les pores avec de l'eau a comme conséquence une augmentation moyenne de la 
conductivité jusqu’à 20 %. 
 
Évaluation de la configuration des pores 
 
sample
probe
water
plastic basin
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En utilisant la différence de conductivité thermique entre l’état sec et saturé, on peut estimer la 
configuration des pores, c.-à-d. quand les pores sont complètement isolés (type II), ou connecté 
(type III), ou partiellement isolé et partiellement connecté (type I).  
 
Il est montré, à partir de la différence mesurée entre les échantillons secs et saturés, que la 
porosité de la plupart des échantillons est en accord étroit avec la conductivité thermique 
mesurée du model III, ce qui est valide pour les roches cristallines proches de la surface. Ceci 
peut être dû aux vides intergranulaires qui peuvent former par la décompression et le 
refroidissement pendant le soulèvement et l'érosion. Ceci est applicable aux échantillons de 
roche de faible porosité (porosité < 2 %). 
 
Anisotropie 
 
En employant la définition du coefficient d’anisotropie thermique A % = 100×⋅(λp - λn) / λn, la 
plupart des échantillons ont une anisotropie moins de 20% dans les états secs et saturés. Au-
dessus de 20%, les échantillons secs ont de plus grandes valeurs que les échantillons saturés dans 
la conductivité mesurée, qui signifie que l'eau a pour effet de diminuer l'anisotropie pour les 
pores connectés. 
 
Masses volumiques et porosités 
 
Afin de déterminer la porosité dans un échantillon de roche, la masse volumique apparente et la 
masse volumique matricelle sont mesurées séparément par la méthode d'Archimède et la 
méthode du pycnomètre. 
 
90 échantillons différents de roche comportant 268 spécimens ont été mesurés pour déterminer 
leur matrice et masse volumique apparente, avec en général trois spécimens de chaque bloc. La 
masse de chaque spécimen en air m et la masse dans l'eau mw sont mesurées pour obtenir la 
masse volumique apparente à partir de la masse volumique connu de l'eau à la température 
ambiante T (°C), ρw. Alors le spécimen a été placé encore dans un four pour évaporer l'eau 
absorbée pendant la mesure de la masse volumique apparente.  
 
Résultats 
 
La gamme de la masse volumique (valeurs minimales et maximales) et la valeur moyenne, des 
types principaux de roche sont presentées. Pour le même type de roche, la masse volumique peut 
changer selon les minerais constituant la roche et sa fabrique. En général plus il y a 
d'échantillons mesurés, plus grande est la gamme des valeurs de masse volumiques dues à 
l'hétérogénéité normale des roches . 
 
On note que pour la majorité des spécimens les différences entre les deux types de masse 
volumique ne sont pas très évidentes ; ils sont liés aux spécimens très compacts avec une 
porosité très basse. 75% (220/268) de nos spécimens ont une masse volumique apparente dans 
l'intervalle entre 2.65 à 2.80 × 103 kg·m-3. 
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La porosité est calculée de la masse volumique apparente et de la masse volumique de matrice. 
Beaucoup de spécimens ont une porosité très basse, qui signifie que la masse volumique 
apparente est très près de la masse volumique de matrice. 
 
Propriétés magnétiques 
 
Une des propriétés magnétiques la plus significative des roches est leur susceptibilité magnétique 
initiale. La susceptibilité magnétique est une mesure de la facilité d’aimanter un matériel et 
quand elle est exprimée par volume elle est exprimée sans dimension dans le système S.I. 
 
Les propriétés magnétiques principales des roches sont controlées par la présence des oxydes du 
système ternaire FeO (wüstite) - Fe2O3 (hématite, maghemite) - TiO2 (rutile). Les réactions 
magnétiques les plus fortes sont dues aux minéraux comme la magnétite (Fe3O4), la 
titanomagnetite et la maghemite (γ −Fe2O3). Des réactions plus faibles peuvent être attribuées à 
l’hématite α− Fe2O3 et aux titanohematites.  Les sulfures de fer tels que la pyrrhotine FeS1+x 
(avec 0<x<1) et la greigite (Fe3S4) peuvent également contribuer à quelques anomalies 
magnétiques. 
 
Mesures 
 
Les susceptibilitiés magnétiques mesurées sont présentées dans la Figure 4 sur une échelle 
logarithmique. Les serpentinites ont les propriétés magnétiques très fortes avec une valeur de κ 
0.002 à 0.08 SI, dues aux minerais contenant des oxydes de Fe ou de Fe-Ti. Elles sont plus ferro- 
et ferrimagnétiques, tandis que les autres roches paramagnétiques ont une  κ de 10 à 1000 × 10 - 6 
SI. 
 
Quelques roches sédimentaires ont des susceptibilitiés magnétiques négatives très faibles entre - 
1 à -20 ×10 – 6S.I.. Elles sont diamagnétiques et les résultats sont presentés séparement (Figure 5) 
(calcaire, breccia et autres roches sédimentaires pourraient être, soit dia- soit paramagnétique, 
suivant leur composition). 
 
La plupart des roches sédimentaires sont relativement faiblement magnétiques avec une 
susceptibilitié moyenne située dans la gamme 5×10 - 6 à 1×10 - 3  S.I.. Les roches ignées sont 
beaucoup plus magnétiques que les roches sédimentaires, avec une susceptibilité d’environ 1×10 
- 3  à 3×10 - 2 S.I.. Les roches métamorphiques montrent des valeurs de susceptibilité entre les 
roches ignées et les roches sédimentaires. 
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Figure 4: Susceptibilité magnétique volumique des roches alpines 
 
 
 
 
Figure 5: Susceptibilité magnétique des roches alpines diamagnétiques 
 
Contrairement à la masse volumique, la susceptibilité magnétique montre une grande gamme de 
valeurs pour les différents types de roche mais avec des tendances plus ou moins distinctes et 
avec les conclusions suivantes : 
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1. La susceptibilité de toutes les roches varie sur 5 ordres de grandeur de 10 - 1 à ×10 – 6S.I.. On a 
observé la valeur minimum dans un calcaire, le maximum dans une serpentinite (roche 
ultrabasique). 
 
2. La susceptibilité magnétique des roches augmente en allant de roches acides aux roches 
basiques. Généralement la susceptibilité dépend de la teneur en minéraux magnétique dans la 
roche plutôt d’autres propriétés physiques. 
 
Vitesse sismique de l’onde P 
 
Système de mesure 
 
Les vitesses d’ondes P des échantillons secs ont été mesurées à partir de la pression 
atmosphérique jusqu'à une pression de confinement de 400 MPa par étape de 20 MPa. Le 
système de mesure (Figure 6) se compose d'un générateur d'impulsion, des capteurs, d'un 
oscilloscope numérique, du système de compresseur, d'un autoclave de pression et du système 
pour l’acquisition de données (ordinateur et logiciel de PC). 
 
Pulse Generator
200V, 1 kHz
Pressure Vessel
Data Acquisition
Velocity
Pressure
Compressor
System
up to 400 MPa
Digital
Oscilloscope
transit time
Sample
 
 
Figure 6: Système de mesure de vitesse (après Sellami et al. 1990) 
Résultats de mesure 
 
Pour récapituler les variations de vitesse par rapport au type de roche, il est utile de donner la 
gamme des valeurs de vitesse. La Figure 7 permet une vue d'ensemble des gammes extrêmes de 
la vitesse d’onde P dans un état sec aux pressions de confinement de 0 MPa et 400 MPa pour les 
différents types de roches. 
 
Quelques conclusions générales peuvent être tirées des mesures : 
 
1.  Les roches ultrabasiques comme la péridotite, la serpentinite, l'amphibolite métamorphique, et 
le calcschiste ont des vitesses très élevées. La vitesse maximale à 400 Mpa pression atteint 
presque 8 km·s-1. 
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2.  Le marbre, le conglomérat et le calcaire montrent une plus grande variation des gammes de 
vitesse avec les pressions expérimentales.  
 
3.  Les différents types de roche peuvent avoir la même vitesse d’onde P, ainsi celle-ci n'est pas 
un indicateur unique pour déterminer l'information lithologique.  
 
 xii 
 
 
         
 
 
 
Mean and extreme values at 20 MPa 
Mean and extreme values at 400 MPa 
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Figure 7: Vitesse de l’onde P pour différents types de roches 
 
 
Anisotropie des ondes sismiques 
 
L'anisotropie des ondes sismiques se produit quand les ondes élastiques vibrent ou se propage 
dans une direction à une vitesse différente de celle dans une autre direction.  
 
L'anisotropie de vitesse de l’onde P est définie selon les formules suivantes : 
Av =100⋅(V max - V min ) / Vmean ...................................................................  (6) 
Af= 100⋅(V int-V min)/V mean ..........................................................................(7) 
Al = 100⋅(Vmax-Vint) / Vmean ..........................................................................(8) 
Vmean = (Vmax+Vint+Vmin) / 3 ........................................................................(9) 
où Vmin se produit toujours dans la direction perpendiculaire au plan de foliation ou de litage 
dans les roches métamorphiques ou sédimentaires ; Vint est parallèle à la foliation et 
perpendiculaire à la linéation ; Vmax est dans le plan de foliation et parallèle à la linéation. Af et Al 
sont des indicateurs de la contribution à l’anisotropie de la foliation et de la linéation 
respectivement. L'anisotropie totale est donnée par Av = Af + Al. On peut définir trois types 
d'anisotropie : planaire, triaxiale et linéaire (voir 4.6 et 4.7 en Sellami, 1994). 
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JB20 Amphibolite
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Figure 8: Vitesses –P suivant trois axes orthogonaux et l'anisotropie de vitesse sous pression. De 
haut en bas, le type d'anisotropie est triaxiale (serpentinite JB11), planaire (limestone JB23) et 
linéaire (amphibolite JB20). 
 
 
 La Figure 8 montre trois exemples des caractéristiques de mesure et d'anisotropie de vitesse. 
L'anisotropie de vitesse dépend fortement de la pression. En-dessous de 100 à 150 MPa, elle 
diminue nettement avec l'augmentation de la pression, principalement due à la fermeture des 
fissures.  À des pressions plus élevées, jusqu'à 400 MPa, l'anisotropie est presque constante et 
peut-être considérée comme l’anisotropie intrinsèque de la roche presque sans fissures.  
 
Néanmoins, la porosité des échantillons est vraiment très basse, moins de 1%, l'anisotropie 
significative a une forte dépendance non linéaire avec la pression, les microfissures orientées 
dans une direction préférencielle correspondent à l'anisotropie élevée sous basse pression. La 
distribution comparative du composant planaire et linéaire indique qu'elle ne dépend pas du type 
de roche, mais est plutôt liée aux caractéristiques structurales (Figure 9). 
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Figure 9: Types d'anisotropie de différents types de roche. Les cercles représentent les 
roches ignées, les carrées les roches sédimentaires, et les triangles les roches 
métamorphiques. 
 
Conclusions générales sur l'étude de l'anisotropie de vitesse, 
 
1.  La plupart des échantillons ont une anisotropie intrinsèque d’environ 5%, provenant de 
l'orientation minérale préférencielle et lithologique. 
2.  Les microfissures initiales peuvent produire une large gamme d'anisotropie couvrant plus de 
20%, ce qui suggère que des microfissures sont orientées plutôt que distribuées aléatoirement 
dans la roche.  
3.  Les échantillons de roche fortement anisotropes se trouvent dans les schistes et les pegmatites 
ainsi dans certains calcaires.  
4.  Les gneiss montrent une anisotropie intrinsèque étant dans un certain degré proportionnel à 
l'anisotropie initiale. 
5.  Les roches métamorphiques ont une gamme plus étendue des valeurs d'anisotropie que 
d'autres roches.  
La contribution planaire Af est plus grande que celle de la contribution linéaire Al sous de basses 
pressions pour la plupart des roches. 
Atténuation sismique 
 
Le facteur de qualité Q est utilisé pour représenter l'atténuation d'une onde à travers un matériel.  
La méthode de rapport de spectres (SR) est employée parce qu'elle fournit l’approche la plus 
directe pour mesurer la perte d'énergie dans un signal sismique. En mesurant le changement du 
rapport de deux spectres de fréquence de signaux sismiques sur une bande de fréquence 
spécifiée, il est possible d'estimer la perte d’énergie pour un signal par rapport à l'autre, suivant 
le même chemin de propagation.  
 
L'acquisition de la forme d'onde a été faite pendant la mesure de vitesse dans un format 
numérique. Après les principes ci-dessus de SR, un programme pour calculer la valeur de Q 
employant Matlab (V.4.2) a été développé et testé. 
 
Q a les valeurs moyennes de 20 à 100 à la pression la plus basse de 20 MPa et Q augmente de 60 
à 380 à la pression plus élevée de 400 MPa. Le rapport de la valeur de Q à une pression de 400 
MPa (Q400) à la pression de 20 MPa (Q20) est entre 1.5 et 5.4. L'atténuation des ondes sismiques 
dans les roches sèches diminue nettement avec l'augmentation de la pression (Kern et autres. 
1997, Toksoz et al. 1978).  
Relation entre propriétés pétrophysiques: masse volumique, 
conductivité thermique et vitesse sismique 
 
Ensuite après avoir étudié les différentes propriétés physiques d'un ensemble d'échantillons, le 
but final est d'étudier la corrélation possible entre tous les paramètres physiques mesurés.  
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Théoriquement, on s'attend à ce que la conductivité thermique soit corrélée avec la masse 
volumique et la chaleur spécifique aussi bien que la vitesse de phonon et « mean free path » des 
phonons. Une approche théorique reliant le taux de production de la chaleur avec la masse 
volumique et la vitesse d’ondes P a été donnée par Rybach et Buntebarth (1982, 1984). 
La conductivité thermique est fondamentalement controlée par la composition minérale d'une 
roche, mais également par la porosité de la roche et la présence des fluides remplissant les pores 
aussi bien que la température et la pression ambiantes (Clauser et Huenges, 1995).  
 
La porosité cristalline fraîche d'échantillons de roche est la plupart du temps en-dessous de 0.5% 
et n'influence pas de manière significative la masse volumique apparente.  
 
La vitesse sismique d’ondes P est principalement determinée par la composition minérale mais 
également par la texture de la roche et les propriétés anisotropes des minéraux. De plus les 
microfissures et les ruptures d'origine technique ou naturelle peuvent modifier les valeurs de la 
vitesse d’ondes P des échantillons provenant venant des forages (Vernik et Nur, 1992, Popp et 
Kern, 1994).  
 
La susceptibilité magnétique est dominée par la teneur des minéraux ferrimagnétiques qui sont 
habituellement les mineraux accessoires dans les roches. Des roches avec un κ <1000 sont 
principalement influencées par les proportions relatives des minéraux qui sont paramagnétiques 
ou diamagnétiques. 
 
Si on passe en revue la dépendance des divers paramètres des mineraux constituants les roches, 
on se rend compte que pour certaines propriétés, telles que la masse volumique, tous les 
minéraux presénts jouent un rôle mais ce n'est pas le cas pour les propriétés magnétiques où 
seulement quelques minéraux sont dominants. Le tableau 1 donne un résumé  des propriétés 
physiques et de la roche formant la dépendance minérale. 
 
Tableau 1  Propriétés physiques et dépendance des minéraux constituants  
 
Paramètre physique 
Minéraux constituants 
des roches 
« dépendance » 
L'autre principale 
« dépendance » 
Masse volumique Tous Porosité 
Vitesse Tous Porosité, fluides 
Conductivité thermique Plusieurs minéraux 
dominants 
Porosité, fluides 
Susceptibilité magnétique Peu de minéraux 
dominants 
Aucun 
  
Une autre étape dans l'analyse est de voir dans quelle mesure on pourrait avoir une corrélation 
plus globale entre tous les paramètres étudiés et ceci nous a menés à appliquer l'analyse 
factorielle. En utilisant les outils statistiques complets de SPSS, une analyse factorielle a été 
appliquée à tous les paramètres mesurés de chacun des 88 échantillons de roche. 
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Corrélation statistique 
 
Des caractéristiques numériques de la corrélation entre différents paramètres physiques sont 
décrites par un coefficient de corrélation. Il est facile de déterminer pour deux variables si il 
existe un rapport ou pas. Pour ceci, notre base de données est mise dans une matrice et on 
effectue le calcul des coefficients de corrélation.. 
 
Premièrement pour la collection entière des roches on note que les coefficients de corrélation 
sont en général très bas. Il n'y a aucun bon rapport empirique d'un paramètre avec les autres et 
tous les coefficients de corrélation sont plus petits que r = 0.75. La meilleure corrélation est entre 
V400 et ρb (Figure 10) qui présente un coefficient de corrélation r = 0.75. L'augmentation λd 
(conductivité thermique) avec la ρb (masse volumique apparente) (Figure 18) a un coefficient de 
corrélation r = 0.4.  
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Figure 10: Vitesse V400 en fonction de la masse volumique apparente  
 
La conductivité thermique et la vitesse d’ondes P ne sont pas numériquement corrélées (r = 0.31 
entre λd et V20 et r = 0.44 entre λd et V400). Cependant, la conductivité thermique est 
théoriquement proportionnelle à la masse volumique, à la vitesse de propagation des phonons et 
à la vitesse sismique. Une correlation positive existe entre les vitesses sismiques des mineraux et 
leur conductivité thermique, et donc on pourrait attendre à la même tendance dans les roches.  
 
Dans une autre étape, on a divisé les échantillons en 3 groupes : roches sédimentaires, ignées et 
métamorphiques. Ceci nous permet dde mieux observer mieux le rapport entre la conductivité 
thermique et la vitesse. L’augumentation de la conductivité thermique (λd) avec l’augmentation 
de la masse volumique dans les roche sédimentaires présent un coefficient r=0.75 (Figure 11). 
 
 xviii 
A. Sediments 
1
2
3
4
5
6
2.0 2.2 2.4 2.6 2.8 3.0
Bulk density [103kg m-3]
Th
er
m
al
 c
on
du
ct
iv
ity
[W
m
-1
K
-1
]
 
B. Sediments
3.0
4.0
5.0
6.0
7.0
2.0 2.2 2.4 2.6 2.8 3.0
Bulk density [103kg m-3]
Ve
lo
ci
ty
[k
m
 s
-1
]
20MPa
400MPa
 
 
Figure 11: Roches sédimentaires : ρb en fonction de λd et V (à 20 et à 400 MPa)  
 
Pour les roches sédimentaires, qui composent 55% de tous nos échantillons de roche, le rapport 
entre λd et ρ prouve que la vitesse augmente avec la masse volumique apparente et donc la 
vitesse de P augmente avec la conductivité thermique (Figure 12). 
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Figure 12: Roches sédimentaires : λd contre V à 20 et à 400 MPa 
 
Dans les roches ignées, la susceptibilité magnétique log10(κ) r = - 0.76 en fonction de λd signifie 
que la susceptibilité magnétique augmente avec la diminution de la conductivité thermique 
(figure 13A). Pour confirmer un tel résultat, on aurait besoin de beaucoup plus d'échantillons de 
roche ignées. 
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Figure 13: La conductivité thermique est inversement proportionnelle à la susceptibilité 
magnétique (A); Vitesse à 20 MPa proportionnel le à la masse volumique apparente (B) dans 
les roches ignées 
 
Dans les échantillons métamorphiques, une attention particulière a été portée à quatre quartzites, 
à deux amphibolites et à une kinzigite. La quartzite a une plus faible masse volumique et une 
conductivité thermique anormalement élevée, donc ces échantillons ont dû être retirés de 
l'analyse statistique. Amphibolite et kinzigite ont été également exclus pour avoir une masse 
volumique élevée avec la conductivité thermique et la vitesse normales ou inférieures. Sur la 
Figure 14 la tendance d'un rapport linéaire existe pour la plupart des échantillons 
métamorphiques mesurés. 
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Figure 14: Augmentation de la conductivité thermique avec la masse volumique apparente (A); 
Vitesse à 20 MPa, corrélation avec la conductivité thermique dans les échantillons 
métamorphiques choisis (B). 
 
Statistiques multivariables : analyse factorielle 
 
L'analyse factorielle des données d’observation produit 3 facteurs. Le facteur 1 et le facteur 2 
expliquent ensemble 55.3 % des données observées. Les 10 variables originales sont réduites à 3 
facteurs indépendants. La masse volumique, la vitesse sismique et la porosité sont fonction en 
tant que propriété « élastique » dans le facteur 1 ; masse volumique, vitesse sismique et porosité 
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ayant un certain degré de corrélation dans un même facteur. La conductivité thermique dans 
l'analyse factorielle est le facteur indépendant 2, représentant les propriétés thermiques, n'étant 
pas corrélé avec la masse volumique des données observées.  
 
De cette analyse à facteurs multiples des propriétés physiques des roches, il est utile de confirmer 
que la masse volumique, la porosité et la vitesse sont fortement dépendanter de l’onde P et il 
existe une relation empirique. Cependant, la conductivité thermique n'est pas recommandée pour 
établir un rapport pour l'ensemble de totalité d'échantillons. Kukkonen et Peltoniemi (1998) 
employant un nombre très grand des échantillons (N=721) provenant de la Finlande ont confirmé 
que la conductivité thermique et la vitesse d’ondes P ne sont pas corrélées. 
Conclusions 
 
Dans cette étude, des propriétés physiques de base de 90 échantillons de roche provenant des 
Alpes suisses ont été mesurées et analysées d'une façon intégrée. Des mesures de laboratoire ont 
été effectuées sur les paramètres physiques suivants : la masse volumique apparente, la masse 
volumique de matrice, la conductivité thermique, la susceptibilité magnétique et la vitesse 
d’onde P. Plusieurs autres paramètres ont été déduits par calcul ; ce sont la porosité, l’anisotropie 
de la conductivité thermique, la vitesse, et l’atténuation de la vitesse sismique. Les résultants 
principaux sont présentés ci-dessous : 
 
Masse volumique 
 
La mesure de la masse volumique apparente indique 4 types de roche avec des valeurs élevées ; 
dolomite, amphibolite, kinzigite et gabbro. Ells ont une masse volumique plus grande que 2.80 
×103 kg·m-3. La masse volumique apparente la plus basse était pour un échantillon de gypse. Un 
grand groupe d'échantillons composé de calcaire, gneiss, grès, marbre et la quartzite, présentent 
des valeurs moyennes de masse volumique apparente s'étendant de 2.64 à 2.75 ×103 kg⋅m-3. Ce 
qui était prévisible parce que les minéraux constituants majeurs des roches se composent des 
carbonates, du quartz et des feldspaths. La masse volumique apparente de 75% de tous les 
échantillons de roche est concentrée dans un intervalle de 2.65 à 2.80 ×103 kg⋅m-3, avec une 
valeur moyenne de 2.69×103 kg⋅m-3, ceci est près de la masse volumique moyenne de la croûte 
terrestre : 2.67×103 kg⋅m-3. 
 
Porosité 
 
Dans cette étude, la porosité a été calculée à partir de la différence entre la masse volumique 
apparente et la masse volumique de matrice, c'est le rapport entre le volume des pores et le 
volume de roche. Pour tous les échantillons mesurés de roche, la porosité moyenne est 0.6%. En 
outre, la plus grande partie des échantillons (70%) a une valeur de moins de 1% de porosité. Ceci 
est expliqué par le fait que notre ensemble de roche n'inclut pas tous les types de roches 
sédimentaires. 
 
Conductivité thermique 
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La mesure de la conductivité thermique a été effectuée à l'état sec et à l'état saturé en eau. Les 
roches placées par ordre décroissant de la conductivité thermique sont : quartzite, dolomite, 
radiolarite, marbre, pegmatite, brèche, schiste, monzonite, pierre à chaux, et gypse. Le grand 
groupe d'échantillons de calcaire, de gneiss et de grès montrent des valeurs moyennes de 2.97, 
2.78 et 2.57 W⋅m-1⋅K-1 respectivement à l'état sec. Ces valeurs moyennes grimpent jusqu'à 3.18, 
3.70 et 3.20 W⋅m-1⋅K-1 dans un état de saturation en eau.  
  
Anisotropie de la conductivité thermique 
 
De l'analyse des lames minces des échantillons de roche, plus de la moitié d’entre eux montre 
une texture orientée ou feuilletée. Dans la plupart de nos échantillons, la conductivité thermique 
montre une anisotropie. Par une comparaison entre anisotropies à l'état sec Adry et à l'état de 
satutation Asat, on note l'effet de l'eau, qui diminue toujours l'anisotropie quand Adry>20%. 
L'effet de l'eau sur l'anisotropie de la conductivité thermique reflète la distribution de la forme 
des pores. Quand les pores sont d'une forme sphérique homogène, l'anisotropie de la conductivité 
thermique sera diminuée. Quand l'anisotropie Adry<20%, les pores sont plus ou moins orientées 
dans une forme plate et alignée pour la plupart des échantillons mesurés.  
 
Vitesse sismique 
 
À la température ambiante, la vitesse sismique a été mesurée à diverses pressions de confinement 
de 0.1 MPa à 400 MPa. Généralement, la serpentinite, l'amphibolite métamorphique, et le 
calcschiste ont des vitesses très élevées. La vitesse maximale à 400 MPa de tous les échantillons 
mesurés a atteint 7.76 km·s-1. À une pression de 0.1 MPa, les vitesses moyennes pour le calcaire, 
le gneiss, le marbre et la quartzite sont de5.74, 4.78, 5.64 et 4.95 km·s-1 respectivement. Le 
marbre, le conglomérat et le calcaire montrent une plus grande variation des gammes de vitesse 
avec de la pression expérimentale. Il n'est pas possible de déterminer un type spécifique de roche 
seulement à partir de sa vitesse sismique. 
 
Anisotropie de la vitesse sismique 
 
La plupart des échantillons ont une anisotropie intrinsèque d’environ 5%, provenant de 
l'orientation minérale lithologique et préférentielle. Les microfissures initiales peuvent produire 
une gamme d'anisotropie de plus que 20% ; ceci suggère que les microfissures sont dans une 
direction préférentielle plutôt qu’aléatoirement distribuée dans toute la roche. On a observé 
l'anisotropie élevée dans les schistes et les pegmatites et dans certains des calcaires. Les gneiss 
suivent une loi régulière spéciale avec leur anisotropie intrinsèque proportionnelle à l'anisotropie 
initiale. Les roches métamorphiques ont une gamme plus étendue des valeurs d'anisotropie que 
les autres roches.  
 
Atténuation des ondes sismiques 
 
La méthode de rapport de spectres (SR) est adaptée à la mesure expérimentale de l'atténuation 
des ondes sismiques. L'atténuation des ondes sismiques peut être obtenue à partir du facteur de 
qualité Q. Dans cette étude, les valeurs de Q aux pressions de 20 MPa et 400 MPa ont été 
calculées. Dans les échantillons mesurés de roche, Q a des valeurs moyennes de 20 à 100 à la 
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pression plus basse de 20 MPa et grimpe entre 60 et 380 à une pression plus élevée (400 MPa). 
La valeur de Q d'une roche augmente avec l'augmentation de la pression, c’est-à-dire que 
l’atténuation de l’onde sismique diminue avec l'augmentation de la pression. 
 
Susceptibilité magnétique 
 
La susceptibilité magnétique de toutes les roches varie sur plus de 5 ordres de grandeur de 10-1 à 
104 µS.I.. La valeur minimale de la susceptibilité a été observée dans les calcaires, et la valeur 
maximale dans les serpentinite. Dans cette étude, la susceptibilité magnétique montre un certain 
degré de corrélation avec la masse volumique apparente pour le calcaire, le gneiss et la quartzite; 
quand la masse volumique augmente, la susceptibilité magnétique augmente également. 
 
Remarques conclusives 
 
Cette étude montre l’intérêt des mesures pétrophysiques en laboratoire. Les relations entre les 
différentes propriétés physiques mesurées ont été étudiées statistiquement au travers des 
coefficients de corrélation et de l'analyse factorielle. Des coefficients de corrélation des données 
expérimentales, le meilleur est donnée par la vitesse des ondes P et la masse volumique, tandis 
que la conductivité thermique et la vitesse P ne sont pas numériquement corrélées. Les résultats 
de l'analyse factorielle confirment que les 10 paramètres mesurés peuvent être réduits à 3 
facteurs indépendants. La masse volumique, la vitess des ondes P et la porosité ont un bon degré 
de corrélation dans le même facteur.  
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Chapter 1 : Introduction 
4 
 
1 Introduction 
 
Switzerland is located in the center of the Alpine chain of Western Europe. In the mind of 
geologist Switzerland is synonymous with Alps. It is well known that alpine tectonics have 
being studied over 160 years, a vast number of publications are dedicated to the tectonics of 
these regions. Relatively speaking, the physical properties of Alpine rocks have not been 
systematically studied as compared to alpine tectonics, geology and orogeny. 
  
Density, thermal conductivity and seismic velocities of rocks carry information on the 
petrology, structure and physical state of the lithosphere. For directly modeling and inversion 
of seismic, gravimetric, heat flow, and density data, laboratory measurements on rock samples 
provide basic physical parameters that are representative of different geological environments 
and depths. The experimental investigation of rocks and minerals at high pressures and 
temperatures are the most important avenue of understanding earth’s interior physical 
processes (Kireenkova and Efimova, 2003).  
 
The Petrophysics Laboratory of the University of Geneva (PLUG) has been mandated by the 
Swiss Geophysical Commission to establish a catalogue of the major physical properties of 
rocks collected from different geological environments throughout the Swiss Alps and nearby 
areas (Wagner et al. 1999). Initial research work began in the late 80’s, when a seismic 
velocity measurement system was built with a high-pressure vessel to simulate middle crustal 
pressure conditions (up to 15 km depth). Barblan (1990) contributed in establishing a 
laboratory measuring system for seismic velocity, writing a PC program for data acquisition, 
and calibrating the measurement system. He worked on samples from the Ivrea zone, (valley 
of Ossola, Strona and Sesia). Subsequently, Sellami (1994) continued the velocity 
measurements and applied her experimental results to an interpretation of the Alpine seismic 
reflection profile National Research Program: “Etude du soubassement géologiques de la 
Suisse” (PNR20). Since 1995, thermal conductivity was added to the routine measurements of 
petrophysical properties in order to obtain an integrated view of both thermal and elastic 
properties on the same rock samples. The determination of different physical parameters 
(density, thermal conductivity, velocity, magnetic susceptibility) on the same rock sample 
permits a multi-parameter approach. The purpose of this present study is to analyze the 
laboratory data and to provide an extensive overview of the physical properties on alpine 
rocks, it also demonstrates the dominating factors which influence the rock physical 
parameters. 
 
The experimental sequence of the measurement of different parameters consists of three steps. 
In order not to damage rock samples during laboratory measurements, thermal conductivity, 
density, magnetic susceptibility determinations preceded the seismic velocity study.  
 
Step 1: Thermal conductivity measurement (chapter 2); 
Step 2: Density measurement (chapter 3), magnetic susceptibility measurement 
 (chapter 4); 
Step 3: Velocity measurement (chapter 5). 
 
The sequence adopted is illustrated in Figure 1.3 (see page 9).  
 
Chapter 1 : Introduction 
5 
Finally (chapter 6) one provides a global view of physical properties on alpine rocks and also 
demonstrates through correlations and factor analysis the dominating factors which play a role 
in the rock physical parameters. 
 
1.1 Geological context 
 
Before going into the sampling strategy we will give a brief description of the geological 
background of the Alpine chain that crosses the Switzerland in a SW-NE direction producing 
5 parallel tectonic stripes. 
 
Figure 1.1: Structural zones within the western Alps (Coward, and Dietrich, 1989) 
 
• -The external one (along the north-western border) is a fold and thrust belt affecting a 
Mesozoic platform carbonate series: the « Jura mountains ». 
• -The « Molasse Basin » is a foreland basin comprising of a thick prism of Oligocene and 
Miocene detrital sediments. 
The two following strips form the topographic Alpine domain and occupy the southeastern 
half of Switzerland: 
• The « Helvetic belt » is a stack of cover nappes comprising Jurassic, Cretaceous and 
Paleogene rocks. Late uplift along the southern border of this strip exhumed the basement 
« external massifs ». At the northern border, the « Préalpes » klippe overlying the Helvetic 
nappes and the molasse belong to the higher structural Penninic nappes. 
• The « Penninic and Austroalpine » belts represent the crustal accretionary prism resulting 
from oceanic and continental subduction processes followed by continental collision 
between the European and Adriatic plates. A stack of basement nappes (Penninic) is 
overlain by remnants of oceanic ophiolites (Piémont suture) and by the Austroalpine 
basement-cover lid, which is more developed at the eastern Swiss border. The central part 
of this Penninic-Austroalpine Swiss segment (Ticino) underwent late doming and exposed 
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the higher grade Alpine metamorphic units (sillimanite zone) and the Bergel granodiorite 
and tonalite (30Ma). 
• The « Southern Alps » is separated from the former units by the major alpine discontinuity, 
the Periadriatic line. They only reach Switzerland in the southern Ticino. The alpine 
overprint is less intense, but the upper mantle-lower crustal boundary of the Adria 
lithosphere is exposed within the Ivrea zone along the western segment of the Periadriatic 
line.  
 
1.2 Sampling strategy and location 
 
The sampling campaigns first focused on Alpine transects of great importance concerning the 
interpretation of the Alpine seismic profiles (Penninic belt in the Valais and Graubünden, 
Ivrea zone, Simplon zone). The sampling area (Figure 1.2) was then enlarged in order to 
provide a rock properties catalogue with the most representative lithologies of the Alpine and 
extra-Alpine units of Switzerland (Valais, central and eastern Alps, northern Alps, Prealps, 
Jura, Molasse basin). The information on the samples location and geological unit is given in 
the Appendix I. 
 
500 550 600 650 700 750 800
100
150
200
250
CS
TM
JB
Geographical location of rock samples
Swiss coordinates ( in km)
 
 
Figure 1.2: Sampling location, the sampling symbols with code TM, JB and CS 
denote the three different field campaigns in 1994, 1995 and 1996 respectively. 
 
The selection criteria were subject to the following constraints: 
 
¾ Limited representative number of samples 
¾ Samples should be free from weathering 
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¾ Size and the compactness of the samples should allow them to be cut into decimetric 
parallelepipeds for subsequent drilling in the laboratory. 
 
For this last reason, very common lithologies such as shales, schists, calcschists, marls, marly 
limestones, greywackes, or fractured rocks are not part of the collection studied because of 
their fragility. 
 
In addition to the above criteria, rock samples were taken directly from outcrops that are 
easily accessible. Despite the desired sample size having a greatest dimension of about 15 cm, 
a larger size sample was sometimes chosen due to the irregular shapes and presence some 
visual macro heterogeneities. Macrostructures of the samples such as foliation or bedding and 
occasionally lineation were used as a geological and structural reference frame.  
 
Some typical and very common lithologies were taken from several tectonic units along 
Alpine transects (for example: upper Jurassic limestones, Permian sandstones and 
conglomerates). These samples allow a comparison of the changes in the physical properties 
of rocks that have undergone various amounts of deformation and metamorphism.  
 
A total of 90 samples have been collected. 
 
1.3 Sample preparation for the different measurements 
 
The rock samples taken directly from outcrops had a variety of shapes. Each one was visually 
examined from a structural point of view in order to prepare it for cutting with respect to its 
visual-structural reference. Some of the samples were broken during sawing with a larger 
water-cooled blade, and a few were unfortunately destroyed due to their fractured structures. 
However a large majority of samples have been cut into parallelepipeds of side length 15 cm.  
 
The preparation was carried out in two stages. Large sized block samples were used for 
thermal measurement and small cylindrical samples were used for density, velocity and 
magnetic susceptibility measurements. 
 
For the thermal conductivity measurement, a polished surface is necessary for a good contact 
with the measurement probe. This surface is usually perpendicular to foliation or bedding. If 
there was no apparent visual structure, as in coarse grain igneous rocks such as gabbros or 
conglomerates, then an arbitrary surface was selected as a reference for sawing. 
 
After completion of the thermal measurements, each block sample was drilled in three 
orthogonal directions; one parallel to foliation and lineation, one perpendicular to both 
foliation and lineation, and one parallel to foliation but perpendicular to lineation where these 
fabric elements were clearly apparent. The directions of the cores parallel to foliation were 
arbitrary if the rock was foliated but not lineated and in this case the surface parallel to 
foliation was chosen as a reference surface. The three orthogonal directions were arbitrary if 
the rock exhibited no fabric elements what so ever. The specimens were 2.54 cm in diameter 
and were cut to a length of 5 cm. The specimens’ end surfaces were ground flat to within 0.01 
mm and parallel to within 0.1 mm. An additional cylindrical sample was prepared for 
magnetic measurements with a length of 2.5 cm and finally specimens for thin section 
analysis were made separately using a rectangular block of size 3×2×1 cm. Figure 1.3 
illustrates the different steps.  
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Figure 1.3: Schematic experimental procedure (sampling and measurements), three specimens 
with mutual orthogonal directions are drilled from each rock sample using the following 
convention: 
Axis 1 perpendicular to foliation 
Axis 2 perpendicular to lineation and parallel to foliation 
Axis 3 parallel to lineation and parallel to foliation 
 
1.4 Rock samples and their mineral composition 
 
1.4.1 Rock sample classification 
The rock samples are classified into 3 categories, namely igneous, metamorphic and 
sedimentary. In this study, sedimentary rocks dominate with 56% of samples. Limestones and 
sandstones are frequently encountered in our sample collection. Metamorphic rocks come 
second with gneiss, marble, schist and so on. Figure 1.4 and Table 1.1 show details of the 
sample collection in this study. 
 
Table 1.1 Sample classification 
 
Type Rocks Nb. Type Rocks Nb. Type Rocks Nb.
Diorite 3 Amphibolite 2 Breccia 4 
Metagabbro 1 Gneiss 9 Comglomerate 3 
Monzonite 1 Kinzigite 1 Dolomite 2 
Pegmatite 1 Marble 7 Gypsum 2 
Quartzite 4 Limestone 28 
Schist 6 Radiolarite 1 
Serpentinite 5 Sandstone 9 
Igneous  Metamorphic
 
Sedimentary 
Siltstone 1 
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1.4.2 Mineral composition from the thin section analysis of samples 
To characterize their mineral composition, thin sections of all samples were examined using a 
microscope. The following three classes were used to indicate mineral abundance: 
 
Symbol percentage 
+++  > 25% 
++  5% to 25% 
+   < 5% 
 
The abbreviations of the minerals present are as follows: 
 
ab albite (Na-pl) 
acc accessory minerals, including ap: apatite, ti: titanite, zr: zircon, etc. 
amph amphibole, including ho: hornblende, gl: blue amphibole, ect. 
arg argillaceous fraction 
carb carbonates, mainly calcite and dolomite 
cc calcite 
chl chlorite 
div diverse undetermined minerals and fractions 
dol dolomite 
ep epidote 
felds feldspars: K-felds, plagioclase (pl), and ab (Na-pl) 
ga garnet 
Samples measured
7%
38%55%
Igneous
Metamorphic
Sedimentary
     
Igneous
49%
17%
17%
17% Diorite
Metagabbro
Monzonite
Pegmatite
 
Sedimentary
8% 6%4%4%
56%
2%
18% 2%
Breccia
Conglomerate
Dolomite
Gypsum
Limestone
Radiolarite
Sandstone 
Siltstone
     
Metamorphic
6%
25%
3%
21%12%
18%
15%
Amphibolite
Gneiss
Kinzigite
Marble
Quartzite
Schist
Serpentinite
 
Figure 1.4: Rock type distributions 
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gy gypsum 
ho    hornblende 
mi   micas, including mu: muscovite and bi: biotite 
ol olivine 
op opaques, mainly Fe and Fe-Ti oxides 
px pyroxene 
qz quartz 
sp serpentine 
ti titanite (sphene) 
tourm tourmaline 
 
The results of thin section analysis are presented in the following Table 1.2. 
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Table 1.2 Description of lithology, texture and metamorphic facies for the rock samples studied 
 
Lithology Texture Mineralogy Metamorphic grade or facies Code 
Amphibolite oriented, foliated  +++ amph (ho), felds (pl) amphibolite facies JB20 
 medium grained  ++  qz, ti 
 grano-nematoblastic   +  bi,op,acc 
Amphibolite crude orientation  +++ carb (dol + cc) eclogite retromorphosed to JB30 
 fine to coarse grained  ++  div amphibolite facies 
 porphyro-, grano-nematoblastic  +   
Breccia irregularly oriented  +++ carb (cc + dol), qz greenschist facies JB23 
 brecciated and cataclastic  ++  div dynamometamorphism 
 fine to coarse grained  +   
Breccia, dolomitic oriented, heteroclastic  +++ carb (dol, cc) greenschist facies TM02 
 fine to very coarse grained  ++  qz low grade metamorphism 
   +  mu, div 
irregular orientation  +++ carb (cc + dol) CS73 
fractured  ++   
Breccia, dolomitic, 
micro- 
  +   div 
no orientation  +++ carb (cc + dol) CS79 
fine grained  ++   
Breccia, dolomitic, 
micro- 
somewhat fractured  +   div 
Conglomerate no orientation CS59 
   
   
Conglomerate no orientation  +++ carb CS64 
 highly heterogeneous  ++  qz 
   +    div, op 
Conglomerate, meta- somewhat orientation  +++ felds (pl+K-feld), qz greenschist facies JB35 
 porphyroclastic  ++  mu 
 fine to coarse grained  +  acc 
Dolomite no orientation, massive,  +++ dol greenschist facies JB16 
 slightly fractured, fine grained  ++  cc 
 Saccharoid  +    acc 
Dolomite no orientation  +++ carb (dol) TM25 
 massive, fractured  ++  
 very fine grained  +  qz, div 
Diorite slightly oriented  +++ qz, felds (pl), ho igneous JB07 
 coarse grained  ++  qz, bi 
 hypidiomorphic  +   chl, acc 
Diorite, grano- no orientation  +++ felds (pl), qz, bi igneous JB08 
 coarse grained, hypidio-  ++ felds (or), ho 
 morphic-porphyritic  +   ti, acc 
Diorite, grano- no orientation  +++ felds (pl), qz, bi igneous JB09 
 coarse grained, hypidio-  ++ fleds (or), ho 
 morphic-porphyritic  +   ti, acc 
Gabbro, meta- no orientation, fine to coarse  +++ px, pl to chl, ep, amph greenschist facies TM21 
 (primary px) grained  ++  acc (op, ti) 
   +  mu, div 
Gneiss oriented, foliated  +++ qz, felfs(pl) amphibolite facies JB01 
 massive, medium grained  ++  two micas (bi + mu) 
 granoblastic  +   op, acc 
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Table 1.2 Description of lithology, texture and metamorphic facies for the rock samples studied 
 
 
Lithology Texture Mineralogy Metamorphic grade or facies Code 
Gneiss oriented, foliated  +++ qz, felds  amphibolite facies JB06 
 medium to fine grained  ++   two micas (bi + mu) 
 grano-, lepidoblastic  +  ga, acc 
Gneiss oriented  +++ K-felds, qz greenschist facies JB26 
 porphyroclastic  ++  mu dynamometamorphism 
 fine to coarse grained  +  acc  
Gneiss oriented, gneissose, somewhat  +++ felds (altered, pl+K-felds) greenschist to amphibolite facies JB34 
 cataclastic, fine to medium  ++  bi 
 grained, grano-, lepidoblastic  +  acc (ep, cc, zr) 
Gneiss, augen- oriented, blastomylonitic  +++ K-felds amphibolite facies JB21 
 fine to coarse grained  ++  pl, mu, bi 
 porphyroblastic  +  ti, acc 
Gneiss, granitic oriented, foliated  +++ qz, felds (K-felds, pl) amphibolite facies JB02 
 massive, medium grained  ++   
 granoblastic to granitic  +   two micas (bi + mu), acc, op 
Gneiss, granitic oriented but still granitic  +++ felds (pl+K-feld), qz igneous rock, somewhat  JB36 
  ++  bi, mu recrystallized and deformed 
  +  acc 
Gneiss, monzonitic crude orientation  +++ or greenschist facies JB18 
 coarse to fine grained  ++  qz, pl, bi 
 hypidiomorphic  +  acc  
Gneiss, ortho-,  oriented  +++ felds, qz greenschist facies TM23 
mylonitic cataclastic  ++  mu, acc (ti, op, ga) dynamometamorphism 
 fine to coarse grained  +  mu, div 
Gypsum oriented  +++ gy TM37 
  ++   
  +   
Gypsum, banded weak orientation  +++ gy CS52 
  ++  carb 
  +     qz, op 
Kinzigite oriented, foliated  +++ qz, felds (pl), ho granulite JB14 
 medium grained  ++  ga, bi, ti 
 grano-, nematoblastic  +    acc, op 
Limestone oriented  +++ carb very low grade CS55 
 fine grained  ++   div 
 veined  + 
Limestone no orientation, fine grained  +++ cc CS69 
 somewhat fractured  ++  div  
  +   op 
Limestone slight orientation  +++ carb (dol + cc) greenschist facies JB19 
 fine grained  ++  div 
 recrystallized  +   
Limestone oriented, strongly and  +++ cc very low grade JB33 
 irregularly veined  ++  qz, div  
 fine to coarse grained  +   
Limestone (marble) oriented  +++ cc  amphibolite JB32 
 fine grained  ++   
 granoblastic  +  qz, div 
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Table 1.2 Description of lithology, texture and metamorphic facies for the rock samples studied 
 
 
Lithology Texture Mineralogy Metamorphic grade or facies Code 
Limestone, bioclastic slight orientation and fractured  +++ cc TM27 
 fine to medium grained  ++  div 
  +   
Limestone, bioclastic  slight orientation and  +++ cc, qz TM26 
siliceous fractured  ++  div 
 fine to medium grained  +   
Limestone, biodetritic no orientation  +++ cc CS68 
 coarse grained  ++   
  +   div 
Limestone, biodetritic no orientation  +++ cc CS53 
 fine grained  ++   div 
  heterogeneous  + 
Limestone, biodetritic no orientation, massive  +++ cc CS61 
  ++   
  +      div 
Limestone, calcarenitic Oriented  +++ cc CS82 
 coarse massive  ++   
  +   div 
Limestone, cherty,  no orientation  +++ cc very low grade CS74 
pelagic coarse to fine grained  ++  div  
 fractured  +   op 
Limestone, dolomitic no orientation  +++ carb (cc + dol) CS71 
 fine grained  ++  div  
 somewhat fractured  +    
Limestone, marly Irregular orientation  +++ cc CS66 
  ++  div  
  +    
Limestone, marly weakly oriented  +++ cc CS77 
 fine grained  ++  div ( arg, fraction) 
  +   
Limestone, marly no orientation  +++ cc, arg CS81 
 very fine  ++   
 somewhat fractured  +   div 
Limestone, micritic oriented  +++  CS62 
 coarse grained  ++  cc 
  +    div 
Limestone, micritic no orientation  +++ cc CS78 
 fine grained  ++  div  
 somewhat fractured  +   
Limestone, micritic no orientation  +++ cc CS85 
 fine grained  ++   
 somewhat fractured  +   div 
Limestone, micritic oriented  +++ cc TM33 
 fine grained  ++  div 
  +   
Limestone, oolitic no orientation  +++ cc CS50 
 coarse grained massive  ++   div 
  +  
Limestone, oolitic no orientation  +++ cc CS83 
 coarse  ++   
  +   div 
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Table 1.2 Description of lithology, texture and metamorphic facies for the rock samples studied 
 
    
Lithology Texture Mineralogy Metamorphic grade or facies Code 
Limestone, pelagic weak orientation  +++ cc CS76 
 fine grained  ++  div ( arg, fraction) 
  +   
Limestone, reef no orientation  +++ cc CS84 
  ++   
  +   div 
Limestone, shaly partly recrystallized +++ cc greenschist facies JB17 
 granoblastic (fine) ++  div 
 irregular orientation +  
Limestone, siliceous weak orientation  +++ cc, qz CS58 
  ++    div 
  + 
Limestone, siliceous no orientation  +++ cc CS63 
 massive  ++  qz, felds, div 
  +     
Limestone, sub- no orientation  +++ cc CS86 
lithographic fine grained  ++   
 somewhat fractured  +   div 
Marble marked orientation  +++ cc greenschist facies CS65 
 fine grained  ++    (low grade) 
  +   qz, op 
Marble slight orientation  +++ cc amphibolite facies JB03 
 massive, medium grained  ++  mu 
 Granoblastic  +   acc 
Marble oriented  +++ cc amphibolite facies JB04 
 massive, medium grained  ++   
 granoblastic  +   mu, acc 
Marble slightly oriented  +++cc amphibolite facies JB10 
 massive, medium grained  ++  
 granoblastic  +  mu, acc 
Marble oriented with cleavage  +++ cc very low grade TM29 
 fine grained  ++  div 
  +   
Marble, dolomitic somewhat oriented  +++ dol greenschist facies JB27 
 massive  ++   
 very fine grained  +  acc  
Marble, micaceous oriented, fine to medium  +++ cc greenschist facies TM17 
 grained, grano-, lepidoblastic  ++  qz, mu 
  +  acc, op 
Monzonite no orientation  +++ felds (or + pl) igneous, greenschist JB15 
 coarse grained  ++  bi, ho --chl facies 
 hypidiomorphic porphyritic  +    acc, op 
Pegmatite crude orientation  +++ felds (K-felds, pl) TM13 
 fine (granoblastic) to   ++  mu, tourm 
 coarse grained  +  acc 
Quartzite oriented, massive  +++ qz greenschist facies JB28 
 grain-flattening  ++  
 fine grained  +  acc  
Quartzite oriented  +++ qz greenschist facies TM06 
 heterogeneous fine to  ++  mu 
 coarse grained  +   acc 
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Table 1.2 Description of lithology, texture and metamorphic facies for the rock samples studied 
 
 
Lithology Texture Mineralogy Metamorphic grade or facies Code 
Quartzite, pebbly oriented, heterogeneous  +++ carb (dol, cc) greenschist facies TM05 
 fine to coarse grained  ++  qz dynamometamorphism 
 Porphyroclastic  +  mu, div 
Quartzite, pebbly  crude orientation  +++ qz, mu  amphibolite JB31 
(Verrucano) fine to coarse grained  ++  felds, div 
 Conglomeratic  +   
Radiolarite weak orientation  +++ qz, cc very low grade CS75 
 irregularly fractured  ++  div  
  +   
Sandstone no orientation  +++ carb CS67 
 Fractured  ++  qz, felds, div  
  +    
Sandstone irregular orientation  +++ carb CS72 
 fine grained  ++  qz, div  
  +   op 
Sandstone oriented, somewhat irregular  +++ qz, cc greenschist facies TM01 
 fine to medium grained  ++  felds, mu low grade metamorphism 
  +  div 
Sandstone (flysch) Irregular orientation  +++ qz, carb very low grade CS56 
  fine grained  ++    div, op 
  + 
Sandstone (flysch) weakly oriented  +++ carb, qz + felds CS70 
 fine grained  ++  div  
 Massive  +    
Sandstone, marly very weakly oriented  +++  CS80 
  ++  qz, felds, cc arg, acc and div 
  +    
Sandstone, micaceous oriented  +++ qz, mu greenschist facies TM03 
 fine to medium grained  ++  div (acc, op) low grade metamorphism 
 grano-lepidoblastic  +  mu, div 
Sandstone, red oriented irregularly  +++ qz, felds CS54 
  ++    cc, div 
  + 
Sandstone, red No orientation CS60 
 
 
Schist, calc- oriented, schistose  +++ mu, acc greenschist facies JB24 
 fine grained  ++  div 
 Grano-lepidobastic  +   
Schist, calc- very irregularly oriented,   +++ cc, qz greenschist facies JB25 
 microfoliated schistose  ++  mu, acc 
 grano-lepidoblastic  +   
Schist, calc- oriented schistose  +++ carb  greenschist facies JB29 
 fine to medium grained  ++  qz, mu, div dynamometamorphism 
 Grano-lepidoblastic, cataclastic  +   
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Table 1.2 Description of lithology, texture and metamorphic facies for the rock samples studied 
 
 
Lithology Texture Mineralogy Metamorphic grade or facies Code 
Schist, green- oriented, fine to medium  +++ ep, felds (ab) greenschist facies TM20 
 grained, grano-, nematoblastic  ++  chl,qz, op, ti 
  +  acc 
Schist, mica-, albitic- riented, schitose  +++ felds(ab)??, qz, mu  greenschist facies TM10 
 fine to coarse grained  ++  qz 
 grano-lepido-porphyroblasitic  +  mu, div 
Schist, quatz- oriented, heterogeneous  +++ qz greenschist facies TM08 
 fine to medium grained  ++  mu 
 grano-lepidoblastic  +   acc, op 
Serpentinite slightly and irregularly oriented  +++ sp greenschist facies JB22 
 fine  ++  deeply altered ol and px 
  +   
Serpentinite non oriented  +++ sp, px greenschist facies TM22 
 fine (sp) to coarse (px) grained  ++  op 
 meshed texture  +  acc 
Serpentinite oriented, fine to medium  +++ sp, ol amphibolite facies JB13 
 grained, heterogranular  ++  px 
 grano-lepidoblastic  +    op, acc 
Serpentinite well oriented  +++ sp greenschist to amphibolite facies JB11 
 massive, medium grained  ++  px (medium grade) 
 granoblastic  +    op 
Serpentinite well oriented  +++ sp greenschist to amphibolite facies JB12 
 massive, medium grained  ++  cpx (coarse grained relictic) (medium grade) 
 granoblastic  +    op 
Siltstone (flysch) weakly oriented  +++  felds (altered) very low grade CS57 
  ++    qz 
  +       div, op 
 
1.4.3 Rock fabric – anisotropy  
 
When rocks are formed or deformed in a stress field, then a preferred orientation of the 
mineral grains is produced, this being typical in the case of regional metamorphism. 
Granoblastic aggregates can show a preferred orientation of their crystalline lattices without 
any elongation of the grain shapes. Most preferred orientation involves parallel alignment of 
elongated grains and is readily detected. In many rocks this parallel alignment is strong 
enough to be usually seen by the naked eye, either as a foliation (planar or sheet-like 
structure) or lineation (parallel alignment of prismatic minerals or rod-like aggregates of 
minerals. Commonly a lineation lies in the plane of foliation. 
 
When our samples presented a clearly visible structure, this was always used as a reference 
during the measurements of directional properties. Figure 1.5 illustrates the different fabric 
we dealt with. 
 
Finally, with this introduction one has a global picture of our experimental material; we will 
now in the next four chapters treat the various physical parameters. 
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        TM21_1           TM21_2            TM21_3 
Metagabbro, Nappe du Tsaté, La Forclaz, VS 
 
   
         JB9_1            JB9_2            JB9_3 
Granodiorite, Bergel, San Martino, GR 
 
   
       JB21_1            JB21_2          JB21_3 
Gneiss, Silvretta, Zernez, GR 
 
   
       JB29_1            JB29_2          JB29_3 
Calcschist, Suretta, Avers Cresta, GR 
 
Figure 1.5 Examples of rock structures with each sample represented by pictures of the 
three orthogonal surfaces. TM21 is more or less isotropic, JB9 slightly anisotropy, whilst 
JB21 and JB29 exhibit a strong planar organization. 
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2 Thermal conductivity 
 
Many geological processes have their origin in the thermal state of the earth’s interior. 
Knowledge of the thermal properties of the crust and upper mantle (lithosphere) are necessary 
for quantitative interpretation of heat flow. The observed surface heat flow depends on rock 
thermal properties, temperature gradient and radioactive heat generation. The amount of deep 
or mantle heat flow and the temperature conditions at the crust/mantle boundary provide a 
basis for the study of the evolution of the lithosphere, basin origin and geodynamics. A 
description of thermal status is usually expressed by terrestrial heat flow, temperature gradient 
and thermal parameters, such as thermal conductivity, specific heat, coefficient of thermal 
expansion and thermal diffusivity. By using the thermal parameters, one can analyze 
dynamical processes of the earth’s interior, measure and calculate spatial heat flow, estimate 
underground recyclable thermal resources, evaluate the generation of hydrocarbons in a 
sedimentary basin, and eventually trace the heat released during the earth’s evolution.  
 
Experimental data are available in many publications (e.g. Wenk and Wenk, 1969, Cermak 
and Rybach, 1979,1982; Horai and Simmons 1969, Horai 1971, Horai and Shankland 1987; 
Pribnow and Sass 1993, 1995, Seipold 1998, Revil, 2000, Popov, et al., 2003, Vosteen and 
Schellschmidt, 2003, Surma and Geraud, 2003, Xu, et al., 2004, Krishnaiah, et al. 2004). It 
should also be mentioned that some pioneer geothermal studies were initiated in Switzerland 
in the early 19th century by De la Rive and Marcet (1834). 
 
2.1 Thermal parameters 
 
Heat transfer in the solid lithosphere is mainly governed by a conduction mechanism, whilst 
convection and radiation of heat are negligible. Heat flow always conducts from the high 
temperature part of a body to the lower temperature part. As a result of heat conduction, the 
difference of temperature in a body tends to become smaller, and once the temperature 
difference has vanished, a thermal balance is reached. To describe heat conduction in a solid 
material one needs to consider the thermal parameters. 
 
2.1.1 Thermal conductivity λ 
 
Thermal conductivity is used to quantify heat conduction, it describes the ability of a material 
to transmit heat. Mathematically thermal conductivity is defined by Fourier’s law: 
 
q = - λ∇T.................................................................................................. (2.1) 
 
where T = T (x, y, z, t) is the temperature which varies in both space (x, y, z) and time t. q is 
the heat flow density, i.e. heat flow through unit area per unit time; it is a vector. Equation 
(2.1) is a linear relation. Thermal conductivity λ is an intrinsic property of material and in a 
solid crystal thermal conductivity is a second rank tensor. For cubic crystals, (e.g., rock salt, 
galena), thermal conductivity can be simplified to a scalar. When tensor notation λ11 = λ22 = 
λ33, it is isotropic. Nevertheless, most rock forming minerals are anisotropic concerning heat 
conduction, for example, quartz, feldspar and mica. 
Chapter 2 : Thermal Conductivity 
19 
 
2.1.2 Heat capacity C and specific heat capacity c 
 
When a material at a given temperature is placed in contact with another material at a higher 
temperature, energy is transferred to the cooler one and its temperature rises. The ratio of the 
amount of energy transferred to change the temperature is called the heat capacity. If Q is the 
amount of heat transferred and the temperature increases from T0 to T, the heat capacity at 
constant pressure is given by: 
 
C = Q/(T-T0)          [J K-1 ].......................................................................  (2.2) 
 
Specific heat capacity c is used more often than heat capacity, and is defined by heat capacity 
per unit mass,  
c = C/m              [J kg-1 K-1]...................................................................... (2.3) 
 
2.1.3 Conduction equation and Thermal diffusivity a 
 
When one takes into account the heat flow variation in time and space, the heat conduction 
equation needs to be used. In an isotropic solid without any source of heat generation, the heat 
conduction equation can be written: 
 
∇2T = (1/a) ·∂T/∂t ...................................................................................... (2.4) 
 
Where 
  a = λ/(cρ), λ is the thermal conductivity with ρ the density. 
 
∇2 = ∂2/∂x2 +∂2/∂y2 + ∂2/∂z2 is Laplace’s operator. 
 
In the case of a constant temperature, the equation (2.4) reduces to Laplace’s equation  
 
∇2T = 0. 
 
2.2 Experimental methodology 
 
2.2.1 Introduction 
 
The methods of measuring thermal conductivity can be divided into two categories, dynamic 
and static, depending on whether the temperature distribution within the sample is time 
dependent or not. For both methods, the solution of the thermal equation depends on the 
geometry of the sample, heat source and sink. Reviews on thermal experiments can be found 
in publications by Horaiand and Shankland (1987), Blackwell and Spafford (1987), and 
Jessop (1990).  
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2.2.2 Static method 
 
In static or steady state methods the thermal conductivity is obtained from eq. (2.1) by 
measurement of the temperature gradient ∇T and heat flow q. In its simplest form the sample 
is a cylinder and heat flow circulates in an axial direction, and the isotherms are planes 
perpendicular to the cylindrical axis. This is the basis of the so-called linear flow method. 
There are inevitably heat losses, and it is difficult to ensure that the temperature gradient is 
always perpendicular to the cross-sectional area. If the heat losses from the cylindrical surface 
of the sample are negligible, then the thermal conductivity is determined by 
 
λ= Q L / A (T1-T2)................................................................................. (2.5) 
 
as shown in Figure 2.1. In general, measurement of the heat flow rate Q and of the cross 
sectional area A presents no problem. However, it is necessary to pay more attention to the 
measurement of temperature gradient ∂T/∂x = (T1-T2) /L. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Schematic diagram for measurement of thermal conductivity under 
steady-state linear heat flow. 
 
2.2.3 Dynamic method 
 
In dynamic or non-steady state methods of measurement, the temperature distribution 
throughout the sample varies with time, therefore the complete differential equation of heat 
flow is necessary. If the experimental time is short, heat losses have a smaller influence on the 
measurement than in the steady state method. Dynamic methods can further be divided into 
two categories, transitory (Cull, 1974, Shabbir, et al. 1993) or periodic, depending upon 
whether the thermal energy is supplied to the sample as a single step function (constant 
source) or with a modulation of fixed period. As a consequence the temperature changes in 
the sample are either transitory or periodic. 
 
For measurements of the thermal conductivity of poor conductors, such as rocks and some 
building construction materials, a serious drawback of the steady state method is the long time 
required to attain equilibrium, therefore the dynamic method of measurement is more 
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appropriate. The transient line heat-source probe, the so-called thermal conductivity probe, is 
commonly used. 
 
This method employs a linear heat source, normally an electrically-heated fine wire, and a 
temperature sensor placed alongside of it and embedded in the material under test (Figure 
2.2). 
 
 
 
 
 
 
Figure.2.2: Schematic illustration of measurement with a conventional linear hot-wire probe 
  
Carslaw and Jaeger (1959) show that when a constant heat q per unit length is supplied by 
the heater, the temperature rise T after time t at a point at a distance r from the heat source in 
solid of infinite extent is given by  
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where  a =the thermal diffusivity (see 2.1.3), 
c = specific heat 
 ρ = density, 
 Ei
r
at
( )−
2
4
 = the exponential integral. 
For a small distance r and for a short time t, 
r
at
2
4
0→ ,  and 
 
T T
q t
t1 2
2
14
− = ⋅ ⋅
⎛
⎝⎜
⎞
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where t1 and t2 are sampling time (s), with respectively temperatures T1 and T2. 
In this way the thermal conductivity can be obtained from the slope of the temperature rise 
against ln(t). Alternatively, the temperature rise ∆T between t1 and t2 may be used.  
 
In order to justify the approximations, the distance r must be small and t large. Theoretically, 
an infinite line heater and an infinite sample are necessary, therefore the probe must have a 
reasonable length-to-diameter ratio and be small compared to the sample. 
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The so-called Angström method applies periodic heat flow into the sample, and thermal 
diffusivity is obtained from measuring the amplitudes and the phase differences of 
temperature wave at two different points along the heat flow. The sample shape can either be 
linear, cylindrical, or spherical (Horai and Shankland, 1987). 
 
2.3 Conductivity measurements 
 
In the present study the non steady state approach was used with the rock sample in dry and 
saturated state. The comparison of the results from conductivity measurement in these two 
different states makes it possible to analyze the porous characteristics of a rock.  
 
2.3.1 QTM measurement 
 
“Kemtherm QTM-D3” is a unique instrument that makes the measurement, followed by 
automatic data processing and a digital display of the thermal conductivity. To measure the 
thermal conductivity of a sample is simply to keep the probe on a flat sample face for 60 
seconds. This instrument is made in Japan by Kyoto Electronics Manufacturing Co. Ltd., 
weighing a total of 8.5 kg (processing unit plus probe); the dimensions of processing unit are 
43.5 (W)×38.5(D)×11.5(H) cm. During the measurement, the surface temperature rises about 
20°C. 
 
 
 
Figure2.3 Experimental device for measuring the thermal conductivity. On the right the 
sample with the probe and to the left the KEMTHERM QTM-D3 
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2.3.1.1 Probe and principle 
 
The quick thermal conductivity (QTM) meter uses a strip of heating wire (about 9.5 cm long, 
0.1 cm wide, carrying on electrical current on a flat probe face size 11(W) ×5(D) ×10(H) cm 
and is shown in Figure. 2.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: QTM Probe 
 
The thermocouple is in close contact with the heating wire in order to measure its surface 
temperature. It is located in the middle of the probe. When a constant power is continuously 
applied to the heating wire, the temperature of the heating wire rises as defined by eq.(2.7).  
At a very small distance r, (r→0, r=0.25 mm compared to the length of the hot wire l =95 
mm, r/l= 0.0026), the temperature varies exponentially with time (eq. 2.7) as shown in 
Figure.2.5. 
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Figure 2.5: Temperature-time relationship for QTM measurement 
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To calculate thermal conductivity from eq.(2.7), the temperature-time data is taken from the 
linear part as shown in Figure.2.6 and Figure 2.7. 
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Figure 2.6: Measurement region for QTM instrument 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 QTM probe method: probe material (upper part) of known λ, the measuring sample 
(lower part) of unknown thermal conductivity λp. 
 
The backing material of the QTM probe is made of several sheets of asbestos paper and 
embedded into the plate. This is different from the conventional hot wire method as shown in 
Figure 2.2, where a hot-wire is surrounded by the material to be measured. In the QTM 
method, half of the space is the sample material, the other half is the probe of asbestos paper 
(Figure 2.7). At first, one can obtain the thermal conductivity as in the configuration shown in 
Figure 2.2. Then a necessary modification is considered for the actual QTM measurement. 
Based on eq. (2.7),  
T T
q t
t1 2
2
14
− = ⋅ ⋅
⎛
⎝⎜
⎞
⎠⎟π λ ln ...........................................................................................(2.9) 
 
where q: heat flow = heat produced by the heating wire in unit time and per unit length  
(J⋅m-1⋅s-1.). 
p
A
Electric current
thermocouple
.
a
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q = 0.86 UI / L = 0.86 R I2 
 
U:  voltage (V) 
I:   constant current (A) 
R:   resistance per unit length of heating wire (Ω⋅m-1) 
L:  length of heating wire for measuring the voltage drop  (m) 
λ:  thermal conductivity of sample (W⋅m-1⋅K-1) 
t1, t2:  sampling time (s) 
T1, T2:  temperature at t1 and t2 (°C) 
 
The previous equation can be further incorporated with the instrumental constant into the 
following equation 
 
            λ = 0.00277 I2⋅R⋅ln (t2 /t1 ) / (U2 - U1) ....................................................................(2.10) 
   
where U2 and U1: output of K type thermocouple in mV 
U1 = ηT1 
U2 = ηT2 
 
η: thermoelectric efficiency of K type special thermocouple (η= 0.0405 mV / °C in the range 
of -10 — 200°C). 
 
To adapt to the set up of Figure 2.6, where one of the pieces is replaced by an insulating 
material of known thermal conductivity, the conductivity of sample will be given by the 
equation (2.9) (Anonymous, 1987) 
 
λp= K I2 ln (t2/t1)/(U2-U1) - H ...............................................................  (2.11) 
 
K and H are the two constants of the probe, and they include the resistance of the heating 
wire, thermoelectric efficiency of thermocouple and the thermal conductivity of the known 
heat insulation material. When K and H of the probe are known, then the thermal conductivity 
λ of sample can be found using equation (2.11). 
 
The sample is heated only in the vicinity of the heating wire because of the short heating time. 
The measured value represents that part of the sample close to the surface where the probe 
placed. The heat generated at the heating wire is in the range of 3.5 - 35 J⋅m-1⋅s-1 for samples 
whose thermal conductivity lies in the range of 0.02 ⎯ 10 W⋅m-1⋅K-1. 
 
2.3.1.2 Sample size requirements 
 
The QTM method is based on assumption of a measuring sample of infinite length and 
thickness (for eq.2.6), but in practice this instrument is used with a sample of finite 
dimensions. The minimum dimensional requirement varies with thermal conductivity of 
sample and this is shown in Figure 2.8. In general, the higher the conductivity, the larger 
minimum size is required.  
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Figure 2.8: Minimum dimensional requirement of a sample for the QTM 
 
For most rocks their thermal conductivity lies in the range of 2—6 W⋅m-1⋅K-1. A sample with 
a surface of 120×120 mm was used with a thickness of 40 mm, so our rock samples generally 
satisfy this minimum size requirement. The measurement sample surface is indicated in 
Figure 2.9. 
 
2.3.1.3 Calibration 
 
In order to check that the QTM is working correctly, 3 reference plates 150×60×20 mm of 
known thermal conductivity are supplied. Each reference plate has been measured 3 times, 
and the results are as follows: 
 
Table 2.1 QTM calibration 
 
Reference plate Reference value 
W⋅ m-1 ⋅K-1 
Measured value 
W⋅ m-1 ⋅K-1 
St. Dev 
% 
Quartz glass 1.4140 at 29 °C 1.4170 at 22°C 0.45 
Silicon rubber 0.2360 at 32°C 0.2400 at 22°C 0.05 
Polyethylene foam 0.0356 at 28 °C 0.0356 at 23°C 0.14 
 
These reference measurements demonstrate that the QTM instrument is well calibrated with a 
good repeatability. 
 
2.3.1.4  Probe positions for measuring anisotropy 
 
Tests on different positions on a rock sample are necessary to assess the anisotropy of the 
measured values. In a more systematic way, two positions of the line source are usually 
chosen on the plane which is perpendicular to the foliation plane as shown in the Figure 2.9 
and Figure 2.10. 
 
Tests on different positions on a rock sample are helpful to assess the reliability of the 
measured values. Two positions of the line source are usually chosen on the plane which is 
perpendicular to the foliation plane as shown in the Figure 2.9 and Figure 2.10. 
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Figure 2.9: Positions of the QTM probe to measure direction dependence,  
A gives λp  and  B gives λan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure2.10: Position B, Temperature contour after Schaerli (1989) 
 
3.  The thermal conductivity λp parallel to the foliation is measured directly by positioning 
the probe line source perpendicular to the foliation plane (in Figure 2.9 position A) 
 
4.  However, the thermal conductivity perpendicular to the foliation λan measured only by 
positioning the probe line source parallel to layering, contains thermal components that 
are parallel to the foliation, so the thermal conductivity perpendicular to foliation has to 
be corrected by the following equation (Grubbe et al., 1983), 
 
λn=λan2 / λp.............................................................................................. (2.12) 
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2.4 Experimental procedure 
 
2.4.1 Dry samples 
 
Thermal conductivity of a rock not only depends on the mineral composition but also on the 
type and amount of porosity, and on the fluids present in the pores. As it is difficult to 
determine the conductivity with partially fluid saturated rocks, one prefers to use the two 
extreme cases; dry and saturated states. To dry the samples, they were stored in an oven for 24 
hours at 90 °C. 
The measurement begins with sample in dry state at room temperature (about 20 °C) and at 
ambient pressure.  
The measurements of a dry sample, λp, λan, and λn (see equation 2.12), are carried out on the 
same measuring surface in different directions. Each value of thermal conductivity is repeated 
3 times so as to reduce measuring errors. Although heating takes only 60 seconds, to repeat a 
measurement the heated sample must first be cooled down to room temperature, therefore 
each determination of thermal conductivity takes from 45 minutes to 1 hour. The QTM-D3 
has an auto-mode to make repeated measurements. In order to store the measured value, a 
computer is connected to the instrument as a “listener” through a RS232 port. Once a 
measurement is completed, the temperature readings and calculated conductivity are 
transferred to the computer into a data file. The recorded file is written in text format which is 
readable for users. One example of such a record is shown below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tm: average sample temperature (T0+T2)/2 . 
T0: sample temperature at the start of measurement 
Td: temperature increase (T2 -T0). 
T2: Sample temperature 60 seconds after the beginning of heating 
 
In order to read and calculate the mean value and standard deviation of the measurements, a 
short program was written in BASIC running under DOS for processing the above records 
(Appendix II, a BASIC program used to retrieve records of thermal conductivity). 
 
GROUP No.   001 
SAMPLE No.  015 
CONDITION 
MODE       NORMAL / AUTO   
REPEAT     COUNT/SET : 002/003 
PROBE      PD1 
HEATER     8.00    
DATA 
λ            2.5799 W⋅m-1⋅K-1        
Tm           40 °C 
T0           24 °C 
Td           33 °C
Chapter 2 : Thermal Conductivity 
29 
2.4.2 Saturated sample 
 
To saturate a rock with a fluid it is immersed in a plastic basin filled with tap water for over 
one week at room temperature. As mentioned above, one complete measurement cycle takes 
about one hour. Long measurement times on a saturated sample exposed to the air could lead 
to evaporation problems. In our case, the rocks were immersed in water with the measurement 
surface only 5mm above water level (Figure.2.11). The plastic sheet on the probe prevents 
evaporation from the surface during measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11: Schematic illustration of thermal conductivity measurement for a saturated 
sample. 
 
 
2.4.3 Analysis of the thermal conductivity data 
 
The thermal conductivity in the principal directions (λn, λp ), measured and calculated are 
shown in Table 2.2 where, “nd” indicates no data (the sample minimum dimension is not 
satisfied). 
• λnd, λns: thermal conductivity perpendicular to foliation in a dry or a saturated state 
respectively; 
• λpd, λps: thermal conductivity parallel to foliation in a dry or a saturated state 
respectively; 
• s.d.nd, s.d.ns: standard deviation of  λnd and  λns respectively; 
• s.d.pd, s.d.ps: standard deviation of λpd and λps respectively; 
 
In order to reduce the measuring error, each value is taken from 3 measurements with the 
mean value given as the measured result. The difference between mean value and each 
measurement is judged by the standard deviation. If the standard deviation is small, this 
means that the mean value is close to the real value with a small deviation. 
 
sample
probe
water
plastic basin
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Table 2.2 Thermal conductivity in dry and water saturated state (W⋅m-1⋅K-1) 
 
TYPE OF ROCK λnd s.d.nd λpd s.d.pd λns s.d.ns λps s.d.ps CODE 
Amphibolite 2.34 0.01 2.69 0.02 2.44 0.02 2.82 0.01 JB20 
Amphibolite 2.29 0.02 2.53 0.02 2.77 0.01 3.07 0.02 JB30 
Breccia 3.21 0.02 3.90 0.03 3.40 0.06 4.16 0.05 JB23 
Breccia, dolomitic  3.59 0.01 3.74 0.01 4.03 0.01 4.04 0.01 TM02 
Breccia, dolomitic micro- 2.84 0.02 4.34 0.01 4.02 0.06 4.31 0.01 CS73 
Breccia, dolomitic micro- 3.10 0.01 3.12 0.01 3.27 0.02 3.55 0.03 CS79 
Conglomerate 3.24 0.05 3.20 0.02 3.69 0.01 3.49 0.02 CS64 
Conglomerate, meta- 2.51 0.02 2.71 0.01 3.62 0.16 3.76 0.04 JB35 
Diorite 2.08 0.01 2.34 0.01 2.36 0.02 2.59 0.00 JB07 
Diorite, grano- 2.13 0.00 2.46 0.02 2.52 0.09 2.80 0.04 JB08 
Diorite, grano- 2.12 0.01 nd   2.78 0.02 nd   JB09 
Dolomite 5.00 0.04 5.09 0.06 5.36 0.05 5.53 0.08 JB16 
Dolomite 4.22 0.05 4.51 0.05 4.99 0.03 5.14 0.09 TM25 
Gabbro, meta- 2.61 0.01 2.69 0.01 3.01 0.01 3.07 0.01 TM21 
Gneiss 2.44 0.02 2.85 0.02 3.17 0.00 3.79 0.03 JB01 
Gneiss 1.48 0.01 2.34 0.03 2.84 0.02 4.38 0.04 JB06 
Gneiss 2.59 0.01 3.22 0.01 3.31 0.03 3.92 0.03 JB26 
Gneiss 2.75 0.00 3.15 0.04 3.54 0.07 4.01 0.23 JB34 
Gneiss, augen- 2.92 0.01 3.61 0.02 3.72 0.02 4.55 0.04 JB21 
Gneiss, granitic 2.71 0.02 3.00 0.01 3.51 0.03 3.94 0.03 JB02 
Gneiss, granitic 2.32 0.01 2.48 0.01 3.38 0.02 3.59 0.11 JB36 
Gneiss, ortho-, mylonitic  2.92 0.01 3.24 0.01 3.81 0.03 3.86 0.02 TM23 
Gneiss,monzonitic 2.94 0.00 3.11 0.03 3.58 0.03 3.66 0.01 JB18 
Gypsum 1.08 0.02 1.22 0.07 1.38 0.01 1.45 0.00 TM37 
Gypsum, banded  1.33 0.00 1.34 0.00 1.67 0.25 2.76 0.80 CS52 
Kinzigite 2.58 0.01 2.84 0.02 3.61 0.01 4.31 0.07 JB14 
Limestone 3.08 0.01 3.66 0.01 3.21 0.05 3.19 0.01 CS55 
Limestone 3.30 0.04 3.50 0.02 3.95 0.06 3.98 0.02 CS69 
Limestone 4.38 0.04 4.41 0.05 4.78 0.04 4.79 0.02 JB19 
Limestone 2.56 0.01 2.55 0.01 2.76 0.01 2.86 0.01 JB33 
Limestone, bioclastic 3.17 0.01 3.21 0.02 3.22 0.02 3.31 0.01 TM27 
Limestone, bioclastic silic. 2.95 0.01 4.16 0.10 4.87 0.08 5.16 0.06 TM26 
Limestone, biodetritic 3.01 0.01 3.27 0.01 3.05 0.01 3.42 0.19 CS68 
Limestone, biodetritic  3.72 0.02 3.66 0.01 3.72 0.24 3.76 0.08 CS53 
Limestone, biodetritic  3.20 0.02 3.22 0.02 3.24 0.01 3.25 0.01 CS61 
Limestone, calcarenitic  2.33 0.10 2.49 0.02 2.55 0.03 2.63 0.01 CS82 
Limestone, cherty 2.72 0.01 2.74 0.00 2.96 0.03 3.38 0.01 CS74 
Limestone, dolomitic  2.71 0.00 2.74 0.01 2.76 0.02 2.85 0.00 CS71 
Limestone, marble 2.46 0.01 2.50 0.01 2.86 0.01 2.89 0.08 JB32 
Limestone, marly 2.00 0.00 2.27 0.00 2.22 0.01 2.39 0.01 CS66 
Limestone, marly 2.50 0.01 2.60 0.01 2.48 0.01 2.64 0.03 CS77 
Limestone, marly 2.27 0.01 2.30 0.00 2.49 0.02 2.53 0.04 CS81 
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Table 2.2 Thermal conductivity in dry and water saturated state (W⋅m-1⋅K-1) 
 
TYPE OF ROCK λnd s.d.nd λpd s.d.pd λns s.d.ns λps s.d.ps CODE 
Limestone, micritic 2.91 0.01 2.99 0.03 2.97 0.00 2.95 0.01 CS62 
Limestone, micritic  2.82 0.20 2.94 0.01 3.04 0.00 3.07 0.01 CS78 
Limestone, micritic  3.02 0.01 3.05 0.02 3.08 0.01 3.15 0.01 CS85 
Limestone, micritic  3.09 0.01 3.21 0.01 3.24 0.02 3.30 0.04 TM33 
Limestone, oolitic 2.83 0.02 2.78 0.01 2.82 0.01 2.82 0.01 CS50 
Limestone, oolitic  2.23 0.01 2.29 0.01 2.86 0.01 2.88 0.01 CS83 
Limestone, pelagic  2.78 0.01 2.84 0.01 2.84 0.01 3.01 0.01 CS76 
Limestone, reef  2.70 0.02 2.85 0.02 2.77 0.00 2.94 0.01 CS84 
Limestone, shaley 2.85 0.00 2.89 0.03 2.90 0.01 2.94 0.04 JB17 
Limestone, siliceous 3.06 0.01 3.01 0.02 3.08 0.03 3.09 0.08 CS63 
Limestone, siliceous  3.53 0.00 3.72 0.04 3.81 0.11 3.97 0.02 CS58 
Limestone, sub-lithographic 3.10 0.02 3.12 0.04 3.29 0.01 3.32 0.12 CS86 
Marble 2.49 0.01 2.71 0.01 2.61 0.00 2.75 0.02 CS65 
Marble 3.90 0.03 4.17 0.01 5.35 0.15 5.47 0.07 JB03 
Marble 4.10 0.02 4.35 0.04 5.44 0.02 5.57 0.09 JB10 
Marble 2.74 0.00 2.91 0.01 2.81 0.04 3.10 0.12 TM29 
Marble, banded 3.93 0.03 4.39 0.01 5.33 0.02 5.68 0.00 JB04 
Marble, dolomitic 5.76 0.03 6.03 0.04 5.89 0.07 6.08 0.08 JB27 
Marble, micaceous 3.24 0.02 3.59 0.04 3.50 0.01 3.97 0.02 TM17 
Monzonite 2.99 0.02 2.99 0.04 3.26 0.01 3.35 0.01 JB15 
Pegmatite 3.69 0.00 3.75 0.02 4.93 0.03 4.62 0.02 TM13 
Quartzite 5.59 0.08 5.83 0.05 7.86 0.35 8.44 0.15 JB28 
Quartzite 5.01 0.10 5.68 0.05 6.86 0.08 6.87 0.09 TM06 
Quartzite, pebbly 2.39 0.02 2.56 0.03 3.25 0.01 3.38 0.03 JB31 
Quartzite, pebbly  4.88 0.03 5.77 0.05 6.10 0.13 6.61 0.09 TM05 
Radiolarite 3.99 0.01 4.22 0.01 3.91 0.02 4.36 0.02 CS75 
Sandstone 2.25 0.01 3.86 0.02 2.72 0.01 3.93 0.02 CS56 
Sandstone 1.98 0.01 2.20 0.00 2.34 0.02 2.44 0.01 CS67 
Sandstone 3.32 0.01 3.58 0.02 3.27 0.04 3.63 0.01 CS70 
Sandstone 2.84 0.02 3.06 0.02 2.86 0.01 3.06 0.02 CS72 
Sandstone, marly 1.56 0.01 1.69 0.00 3.23 0.06 3.42 0.01 CS80 
Sandstone, quartz-calcite  3.11 0.01 nd   4.16 0.08 nd   TM01 
Sandstone, red  1.60 0.01 1.67 0.01 2.55 0.02 2.57 0.04 CS54 
Sandstone, red  2.82 0.03 2.95 0.02 3.76 0.10 4.03 0.14 CS60 
Schist, green- 2.04 0.00 2.54 0.01 2.77 0.01 3.11 0.05 TM20 
Schist, Mica-, albitic 2.17 0.02 3.27 0.00 2.96 0.01 4.05 0.02 TM10 
Schist,calc- 4.23 0.04 5.20 0.05 5.02 0.05 5.87 0.20 JB24 
Schist,calc- 2.58 0.00 2.71 0.02 3.78 0.01 4.00 0.06 JB25 
Schist,calc- 1.90 0.00 3.34 0.00 3.09 0.02 4.07 0.03 JB29 
Schist,quartz- 2.99 0.02 4.44 0.01 3.56 0.02 4.88 0.03 TM08 
Serpentinite 2.67 0.02 nd   2.82 0.02 nd   JB11 
Serpentinite 3.07 0.00 3.11 0.01 4.46 0.10 5.89 0.05 JB12 
Serpentinite 3.24 0.01 nd   3.32 0.04 nd   JB13 
Serpentinite 2.80 0.01 2.87 0.02 2.82 0.01 2.82 0.01 JB22 
Serpentinite 2.39 0.01 2.46 0.01 2.42 0.01 2.45 0.03 TM22 
Siltstone 2.78 0.04 2.56 0.02 2.93 0.03 2.87 0.05 CS57 
 
 
Chapter 2 : Thermal Conductivity 
32 
2.4.3.1 Variation of thermal conductivity with rock type 
 
Our experimental results (Table 2.2) show that for the same type of rock the thermal 
conductivity varies over a significant range and that water saturation induces a higher 
conductivity. Table 2.3 synthesizes these results, which are illustrated in Figure.2.12. One 
may notice that: 
  
• Quartzites have the highest thermal conductivity, while gypsums have the lowest 
value. 
• Filling the pores with water results in an average increase of conductivity by as much 
as 20 %. 
 
 
Table 2.3, Thermal conductivities: mean and extreme values 
 
 DRY SATURATED 
 TYPE OF ROCK No. min mean max min mean max 
Serpentinite 5 2.39 2.83 3.24 2.42 3.37 5.89 
Diorite 3 2.08 2.23 2.46 2.36 2.61 2.80 
Metagabbro 1 2.61 2.65 2.69 3.01 3.04 3.07 
Amphibolite 2 2.29 2.46 2.69 2.44 2.78 3.07 
Monzonite 1 2.99 2.99 2.99 3.26 3.30 3.35 
Pegmatite 1 3.69 3.72 3.75 4.62 4.78 4.93 
Kinzigite 1 2.58 2.71 2.84 3.61 3.96 4.31 
Gneiss 9 1.48 2.78 3.61 2.84 3.70 4.55 
Breccia 4 2.84 3.48 4.34 3.27 3.85 4.31 
Marble 7 2.49 3.88 6.03 2.61 4.54 6.08 
Schist 6 1.90 3.12 5.20 2.77 3.93 5.87 
Quartzite 4 2.39 4.71 5.83 3.25 6.17 8.44 
Gypsum 2 1.08 1.24 1.34 1.38 1.81 2.76 
Dolomite 2 4.22 4.71 5.09 4.99 5.26 5.53 
Radiolarite 1 3.99 4.10 4.22 3.91 4.14 4.36 
Limestone 28 2.00 2.97 4.41 2.22 3.18 5.16 
Siltstone 1 2.56 2.67 2.78 2.87 2.90 2.93 
Sandstone 8 1.56 2.57 3.86 2.34 3.20 4.16 
Conglomerate 2 2.51 2.91 3.24 3.49 3.64 3.76 
 
(Thermal conductivity in W⋅m-1⋅ K-1). 
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Figure 2.12: Comparison of thermal conductivity for dry and saturated alpine rock samples 
Mean and extreme value in dry state 
Mean and extreme value in water-saturated state 
Chapter 2 : Thermal Conductivity 
34 
 
2.4.3.2 Effect of mineral composition 
 
The thermal properties change according to the mineral composition. If mineral composition 
of a rock is known, thermal conductivity evaluation is possible by considering the minerals’ 
thermal conductivities. 
 
The thermal conductivity of rock forming minerals has been measured by Horai and Simmons 
(1969). On the basis of their mineral composition, the thermal conductivity of a rock can be 
estimated from the known thermal conductivity of the constituents. Table 2.4 shows the 
conductivities of some common minerals. 
 
Table 2.4* Conductivity of common minerals (W⋅m-1⋅K-1) 
 
Mineral Nb. Samples Minimum Maximum Average 
Quartz    1   7.69 
Feldspar     
    Microcline    2 2.30 2.42 2.40 
    Orthoclase    1   2.32 
    Albite    3 2.31 2.42 2.37 
    Anorthite    1   1.68 
Hydrous silicates     
    Amphibole    6 2.43 3.78  
    Mica    11 1.57 2.50  
    Biotite    3 1.70 2.34 2.00 
Non hydrous FeMg 
silicates 
    
    Olivine    5 3.16 5.16  
    Forsterite    2 5.09 5.15 5.12 
    Fayalite    1   3.16 
    Garnets    7 3.09 5.65  
    Pyroxene    13 3.57 6.67  
Carbonate     
    Calcite    1  3.59  
    Dolomite    1  5.51  
    Magnesite    1  5.84  
Other**     
    Water      0.599 
    Air (20°C)    0.0257 
 
* Jessop (1990), data extracted from Horai and Simmons (1969), measured by needle probe in 
a mixture of crushed mineral and water.  
** Schön (1996), p.332. 
 
In general conclusion is that the quartz content of a rock plays an important role in thermal 
conductivity property because of the high conductivity of this material. Rock forming 
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minerals, such as micas (biotite, muscovite) will obviously affect thermal anisotropy 
properties due to those minerals’ high anisotropy. 
 
Clauser and Huenges (1995) used two ternary diagrams to illustrate the various factors 
influencing the thermal conductivity of rocks and are shown in Figure 2.13. The diagrams 
relate different types of rocks with those factors that have the most pronounced effect on their 
thermal conductivity. Figure 2.13A is for metamorphic and plutonic rocks; Figure 2.13B is for 
volcanic and sedimentary rocks. 
 
  
 
Figure 2.13A Figure 2.13B 
 
Figure 2.13: Thermal conductivity of basic rock-forming minerals and compositional relation 
with rock type. (A) Metamorphic and plutonic rocks. (B) Volcanic and sedimentary rocks, the 
third ‘mineral’ phase is air or water, due to the importance of porosity for the thermal 
conductivity of these rocks, Clauser and Huenges (1995). 
 
Metamorphic and plutonic rocks are made up of quartz, feldspars, and mafic minerals, and the 
content of minerals from these three groups basically determines a rock’s thermal 
conductivity since these rocks display a much smaller porosity. Quartz content determines 
conductivity since low conductivity associated with low quartz-content in metamorphic rocks. 
In volcanic and sedimentary rocks, the third mineral component is replaced by air and water, 
as the high variability of porosity in these rocks is a major factor controlling their thermal 
conductivity. 
 
To analyze in more details the measurement results, first at all, the structural information is 
examined using three basic models. 
 
Secondly, the porosity is calculated from dry and saturated sample’s thermal measurements. 
Finally, an anisotropy factor is calculated, which is the result of structural or mineral preferred 
orientation. 
 
The strategy of this analysis has two aspects: using the thermal measurements to detect pore 
connectivity in the sampling rocks classified into the 3 types as proposed by Schaerli and 
Rybach (1984), and secondly to compare the range of values with the other publications by 
using different measurement methods. 
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2.4.3.3 Three basic models for thermal conductivity 
 
The thermal conductivity of a rock depends not only upon the minerals but also their spatial 
distribution within the rock. There are three simple models for the arrangement of the 
components, namely, “parallel” and “series” as well as “random” models. In the parallel 
model, any heat path is assumed to pass through one component only. Given the conductivity 
λ of a rock made up of n component minerals of conductivity λi and volume fraction φi , is 
then given by  
 
λ= 
i
n
=
∑
1
φi⋅λi ............................................................................................ (2.12) 
 
In the series model 
λ-1 = 
i
n
=
∑
1
φi / λI ....................................................................................... (2.13) 
 
In the random model (it is also called as a geometric average model): 
 
λ =  
i
n
=
∏
1
λiφI ........................................................................................... (2.14) 
with the condition on φi  
i
n
=
∑
1
φi   = 1 
 
A simple arrangement of a mixture of two components with the materials arranged in parallel 
slabs is shown in Figure 2.13, in which thermal conductivities are assumed to be λ1= 2 W⋅m-
1⋅K-1 and λ2= 4 W⋅m-1⋅K-1. The resultant conductivity is shown in the Fig. 2.14 along with the 
calculation of the geometrical model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14: Simple two-component parallel slab model 
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Figure 2.15 Theoretical thermal conductivity of a two-component medium having 
λ1= 2 W⋅m-1⋅K-1 and λ2= 4 W⋅m-1⋅K-1. 
 
The geometric model is probably the best simple model. This has no simple geometric 
significance, but it derives its name from the mathematical concept of the geometric mean 
(Jessop 1990). 
 
The empirical approach defines the conductivity of the 2-component model as the geometric 
mean of the separate conductivities (Figure 2.15); 
 
 λ = λ1φ1⋅λ2φ2  =  λ1φ1⋅λ2(1-φ1) . .................................................................. (2.15)  
 
This model has been applied to porous rock materials and has achieved a certain popularity 
when air or water fills the pores, Woodside and Messmer (1961), Schaerli and Rybach (1984), 
Pribnow et al. (1996).  
 
For a given two-component material, the parallel model defines the upper boundary of the 
conductivity of mixed material, and the series model is the lower boundary, whilst the 
geometric model shows a mean value between the parallel model and the series model.  
 
One of applications for these models is that the rock sample could be regarded as comprised 
of a rock matrix and a pore filling fluid, where air is present in the dry state and water in the 
saturated state. The thermal conductivity of the dry and water-saturated states can be used to 
determine the pore configuration.  
 
2.4.3.4 Estimation of pore configuration 
 
Using the thermal conductivity difference between dry and saturated states, one can estimate 
the pore configuration, i.e. when the pores are completely isolated (Type II), or interconnected 
(Type III), or partially isolated and partially interconnected (Type I). For those three types of 
pore configuration, the theoretical conductivity can be expressed by: 
 
I. Partially connected   λ =  λfφ⋅λm(1- φ)................................................................................(2.16) 
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II. Completely isolated λ λ
φ λλ
φ λλ
= −
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⎤
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m
f
m
f
m
1
3 1
2
.................... (2.17) 
 
III. Interconnected   
( )λ λ λ φφλ λ=
+
+
f m
m f
3
3
........................................ (2.18) 
 
where λm and λf are the thermal conductivity of the matrix and the pore filling fluid ( air or 
water) respectively. In each case, the pore fluid filling is either air (λa = 0.0257 W⋅m-1⋅K-1) or 
water (λw = 0.599 W⋅m-1⋅K-1). Schaerli et al. (1984) have shown that the thermal conductivity 
difference between dry and saturated samples depends on the pore type (Figure 2.16). For λm 
= 3.0 W⋅m-1⋅K-1 one can expect a 30% difference between λw and λd at φ= 0.8% for model III 
(interconnected pores) and at φ=9% for model I (partially connected pores). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 2.16 The dependence of thermal conductivity of dry (λd) and water-saturated 
(λw) rocks on porosity for different pore configuration models I, II, III, calculated for λm 
= 3.0 Wm-1⋅K-1 (after Schaerli and Rybach 1984). 
 
It worth noting that for a given porosity the interconnected pore model predicts a larger 
conductivity difference between dry and saturated states than in an isolated pore model or in a 
partially isolated model. From experimental measurement Table 2.2, pore configuration is 
analyzed according to the following procedure: 
 
1.  Porosity is a scalar whilst conductivity is a tensor. Assuming the geometrical mean model 
for conductivity within the foliation plane and perpendicular to foliation plane, i.e., 
λ λ λd nd pd= ⋅  and λ λ λs ns ps= ⋅ .................................................... (2.19) 
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2.  Substituting λf by λa and λs in the equation (2.16 -2.18), the porosity can be estimated from 
measurements on dry and saturated samples: 
 
φ λ λλ λ
I s d
w a
= −−
ln( ) ln( )
ln( ) ln( )
............................................................................. (2.20) 
φ λ λ λ λλ λ λ λ λ λ λ λ λ λ
III a w s d
d w d a s w d a s d
= −− + − −
3 ( )
( ) ( )( )
................................. (2.21) 
 
3.  Comparing measured porosity (see Chapter 3) in our sample to calculated porosity from 
equation (2.20) and (2.21).   
 
It is shown, from the measured difference between the dry and saturated samples, that most 
sample’s porosity is in close agreement to the measured thermal conductivity of model III 
which is valid for near-surface crystalline rocks. This may be due to inter-granular voids that 
can form by decompression and cooling during uplift and erosion. This is applicable to low 
porosity rock samples (porosity < 2 %). 
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Figure 2.17A Porosity estimated from Eq.2.20 (model I) and Eq. 2.21 (model III)  
x-axis represents 100× (λs - λd)/λd   and “from density” measurements see eq.(3.4)  
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 Fig. 2.17B, Enlargement of the ordinate axis of Fig. 2.15a for porosity interval 0-5% 
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2.4.3.5 Anisotropy 
 
There are three main causes of thermal conductivity anisotropy, 
1. Crystal anisotropy of rock forming minerals; 
2. Intrinsic or structural anisotropy within a rock; 
3. Orientation and geometry of cracks. 
The measured anisotropy is generally the result of all the above components. Using the 
definition of thermal anisotropy coefficient A %= 100⋅(λp - λn) / λn and measured results in 
Table 2.2, the anisotropy A is given in the Table 2.5 for dry and saturated samples.  
 
In dry and saturated samples, it can be seen that the thermal anisotropy is not same. The 
distribution of pore space shapes will partially contribute to affect conductivity anisotropy 
(Figure.2.18) 
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Figure 2.18: Comparison of anisotropy in dry and water-saturated states 
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Table 2.5 Thermal conductivity anisotropy A % = 100⋅(λp - λn) / λn in dry and saturated states 
 
TYPE OF ROCK Adry Asat CODE  TYPE OF ROCK Adry Asat CODE 
Amphibolite 15.02 15.67 JB20 Limestone, micritic  4.27 1.08 CS78 
Amphibolite 10.23 10.78 JB30 Limestone, micritic  1.07 2.21 CS85 
Breccia 22.87 16.96 JB24 Limestone, micritic  3.88 1.79 TM33 
Breccia, dolomitic  4.26 0.37 TM02 Limestone, oolitic 1.68 0.43 CS50 
Breccia, dolomitic micro- 53.07 7.92 CS73 Limestone, oolitic  2.61 0.67 CS83 
Breccia, dolomitic micro- 0.78 8.70 CS79 Limestone, pelagic  2.32 5.81 CS76 
Conglomerate 5.21 6.02 JB25 Limestone, reef  5.57 6.01 CS84 
Conglomerate 7.95 4.02 JB35 Limestone, shaley 1.36 1.32 JB17 
Conglomerate (molasse) 1.22 5.71 CS64 Limestone, siliceous  5.51 4.35 CS58 
Diorite 15.28 11.12 JB08 Limestone, siliceous 1.85 0.62 CS63 
Dolomite 1.94 3.30 JB16 Limestone, sub-lithographic  0.63 0.99 CS86 
Dolomite 7.00 3.10 TM25 Marble 9.10 5.33 CS65 
Gneiss 10.94 12.27 JB02 Marble 7.06 2.25 JB03 
Gneiss 57.89 54.15 JB06 Marble 5.92 2.29 JB10 
Gneiss 6.03 2.25 JB18 Marble 4.78 3.16 JB27 
Gneiss 24.21 18.27 JB26 Marble 6.09 10.00 TM29 
Gneiss 14.78 13.31 JB34 Marble, banded 11.95 6.56 JB04 
Gneiss, augen- 23.37 22.29 JB21 Marble, micaceous 10.72 13.39 TM17 
Gneiss, granitic 6.86 6.36 JB36 Metagabbro 2.83 1.81 TM21 
Gneiss, hornblend- 12.17 9.51 JB07 Monzonite 0.04 2.67 JB15 
Gneiss, mylonitic 16.68 19.49 JB01 Pegmatite 1.44 6.72 TM13 
Gneiss, ortho-, mylonitic  11.01 1.45 TM23 Quartzite 4.29 7.31 JB28 
Granodiorite na na JB09 Quartzite 13.43 0.16 TM06 
Gypsum 12.47 4.59 TM37 Quartzite, pebbly 7.10 4.23 JB31 
Gypsum, banded  1.48 5.50 CS52 Quartzite, pebbly  18.25 8.37 TM05 
Kinzigite 10.01 19.62 JB14 Quartzschist 48.43 36.92 TM08 
Limestone 6.04 0.82 CS69 Radiolarite 5.71 6.09 CS75 
Limestone 0.66 0.27 JB19 Sandstone (flysch) 71.64 44.19 CS56 
Limestone 21.65 22.19 JB23 Sandstone (flysch) 7.88 7.76 CS70 
Limestone 0.23 3.74 JB33 Sandstone (molasse), marly 8.58 8.30 CS80 
Limestone, bioclastic 1.22 2.69 TM27 Sandstone, quartz-calcite 10.96 4.30 CS67 
Limestone, bioclastic siliceous 37.66 5.85 TM26 Sandstone, quartz-calcite 7.84 7.08 CS72 
Limestone, biodetritic 8.69 12.44 CS68 Sandstone, quartz-calcite  na na TM01 
Limestone, biodetritic  1.71 1.22 CS53 Sandstone, red  4.50 0.98 CS54 
Limestone, biodetritic  0.76 0.36 CS61 Sandstone, red  4.43 7.21 CS60 
Limestone, calcarenitic  6.91 2.91 CS82 Schist, green- 24.56 12.41 TM20 
Limestone, cherty pelagic 0.49 4.28 CS74 Schist, Mica-, alblitic 50.51 36.90 TM10 
Limestone, conglomeratic  1.75 1.11 JB32 Schist,calc- 75.57 31.71 JB29 
Limestone, dolomitic  1.12 3.34 CS71 Serpentinite na na JB11 
Limestone, foliated  18.57 19.23 CS55 Serpentinite 4.45 14.13 JB12 
Limestone, marly 13.48 7.60 CS66 Serpentinite na na JB13 
Limestone, marly 4.13 2.45 CS77 Serpentinite 2.48 2.35 JB22 
Limestone, marly 1.45 1.57 CS81 Serpentinite 2.56 1.84 TM22 
Limestone, micritic 2.48 1.43 CS62  Siltstone (flysch) 8.48 1.94 CS57 
 
 
Most samples have an anisotropy less than 20% in both dry and saturated states. Above 20%, 
dry samples have larger values than saturated samples in the measured conductivity, which 
means that water has the effect of decreasing the anisotropy for interconnected pores. 
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From previous model analysis in Figure 2.17, the pore type of the measured samples is 
dominated by pore type III. However, for anisotropies less than 20% the effect of water on the 
conductivity could increase or decrease anisotropy by two different physical mechanisms. The 
former may include a pore distribution with preferred orientation or cracks in alignment, for 
example, interconnected pores may exist in a principal direction. That is water has penetrated 
the pores in all directions and reduced previous air pore-filling anisotropy. In detail, a 
simplified parallel and series two-component model in Figure 2.13 can explain this model. 
 
Assuming that the total anisotropy A is caused by rock forming minerals with intrinsic 
anisotropy Ai together with a pore spatial distribution Ap, (A = Ai + Ap). In the previous 
model, the extreme cases "parallel" and "series", assuming isotropy λmatrix = 3 W⋅m-1⋅K-1, 
porosity = pore volume fraction =1%, to determinate anisotropy in air filling and water filling 
cases, Ad= ⋅(λpd - λnd) / λnd =121%, As =⋅(λps - λns) / λns =3% is found in the calculation, it is 
water that simplified model can reduced anisotropy. It should be pointed out that saturation 
with water cannot change the intrinsic anisotropy of rock forming minerals. 
 
2.4.3.6 Comparison with published rock thermal conductivity data 
 
The measurements have been made in most cases at room temperature (RT) and at ambient 
pressure (AP). When one reviews the data from various authors (Cermak and Rybach 1982, 
Jessop, 1990, Schön, 1996), most rock types have a wide range of λ values. Except for 
anisotropic properties, the average conductivity values for a particular type of rock are 
comparable to these of the present study (in Table 2.6). 
 
In general, the measured λ value in the present study is in good agreement with those already 
published. Owing to the smaller number of samples, the range of λ values measured here is 
smaller than the range of values given by other authors. It also can be seen that average values 
are not close to each other (Table 2.6). For example, the average of the thermal conductivity 
in present study is smaller than those in the literature for limestone, quartzite and schist with 
the relative difference of 13%, 10% and 9% respectively. But in the measurement on 
dolomite, gneiss and marble in the present study of conductivity is larger, with a relative 
difference 31%, 10%, and 34% respectively. The reason for this comes from several factors 
(Jessop 1990), for example petrological description of the rock type is not precise, and in the 
worst case, rock type may be given wrongly without examination by thin section and rock 
forming components. In the same type of rock, the mineral composition may vary over a wide 
range. The structural modification can also produce changes in λ.  
 
From a statistical point of view, taking the average thermal conductivity from a certain type of 
rock, one may introduce estimation errors of about 10%. Therefore measurement of rock 
thermal conductivity in the laboratory is necessary for obtaining reliable data. 
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Table 2.6 Experimental thermal conductivity comparison (W⋅m-1⋅K-1) 
 
 
 
 
In the Table 2.6, the reference source given in the last colum by letters, C- Cermak and 
Rybach 1982, D- Dortman 1976, G- present study, J- Jessop 1990, K-Kobranova, 1989. 
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2.4.3.7 Effect of pressure and temperature (P, T) on conductivity 
 
The pressure and temperature dependency of thermal conductivity is the most critical factor in 
estimating terrestrial heat flow. In general, thermal conductivity increases with pressure and 
decreases with temperature. Therefore the thermal conductivity decreases with increasing 
depth due to temperature dependence having a greater effect than the pressure dependence. 
Such a behaviour has been shown by Buntebarth (1991) for the gneiss and amphibolite core 
samples from the KTB borehole (Continental Deep Drilling program in Germany from 1989 
to 1994). 
 
Effect of Temperature  
 
Rock samples with a relatively high thermal conductivity show a strong decrease of thermal 
conductivity with increasing temperature and samples with a smaller λ at room temperature 
only show a small variation with increasing temperature. 
Studies of the temperature-dependency of conductivity are generally made on dry rocks and 
for high-temperature measurement the sample being kept under low constant-pressure 
conditions (Seipold, 1998).  
Assuming a linear relation between temperature and thermal resistance (1/λ) for the 
temperature range up to 400°C, the thermal conductivity data can be fitted to 
λ = + ⋅
1
A B T
......................................................................................... (2.22) 
where A and B are the variables to be determined, and T is the temperature in degrees  
Kelvin. A is the thermal resistance at zero Kelvin, and represents temperature independent 
terms such as crystal impurities; B represents the rate of increase in thermal resistance with 
temperature caused by the increase of atomic oscillations. Several authors have shown that B 
increases with decreasing A, a linear relation between the constants A and B has been found 
from 64 measurements (Seipold 1998), i.e., 
 
A=-(532±45) B + ( 0.448 × 0.014) ........................................................ (2.23) 
 
where A is in m⋅K⋅W-1, B is in m⋅W-1. A ranges in value from 0.1 to 0.43. 
 
Measuring the temperature dependence of λ on water-saturated samples produces a better 
approximation to the intrinsic behavior of the rock rather than by doing it on dry samples. The 
knowledge of this behavior is crucial for the conversion of laboratory measurements to in-situ 
conditions. Laboratory measurements have shown that the temperature dependence of λ is 
smaller for saturated than for dry rock samples. The significant thermal cracking during high-
temperature experiments is determined by measuring conductivity of saturated core samples 
recovered from the KTB. (Pribnow et al., 1993, 1996). Thermally induced cracking of the 
rock usually occurs during heating. For dry samples this new pore space is filled with air and 
causes a decrease of conductivity with temperature that is independent of the intrinsic 
behavior of rock. Thus, temperature corrections of conductivity for in-situ conditions based 
on experiments with dry samples may be too large. 
 
In the other hand, intrinsic temperature dependence may also contribute to the thermal 
properties. The larger temperature dependence of λ for gneisses and a smaller temperature 
dependence for amphibolites cannot be related to stronger thermal cracking in the KTB core 
samples, this may show a strong intrinsic temperature dependence for gneiss samples.
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The effect of Pressure 
 
The dependence of the thermal properties on pressure has been determined at a room 
temperature by many authors (Seipold et al., 1998, Birch 1940, et al.). Pressure dependence 
can be described by a linear relation at high pressure:  
λ = λ0 (1+α⋅p) 
The pressure derivative α is given as a constant for each rock type. In general, the non-linear 
increase of the thermal conductivity of most of the specimens increases from 1% to 3% with a 
maximum of 5% below 50 MPa (Buntebarth 1991).  
Since the microcracks are gradually closed with increasing pressure, an increasing thermal 
conductivity is to be expected with increasing pressure. 
 
The effect of depth 
 
With respect to the effect of depth on thermal conductivity within the earth’s crust, the effect 
of temperature and pressure should both be taken into account. Based on laboratory 
measurements, the effect of increasing temperature results in decreasing thermal conductivity; 
contrarily, the effect of increasing pressure leads to increasing thermal conductivity. For an 
assumed temperature gradient of 28°C⋅km-1, and with a pressure gradient of 27 MPa⋅km-1, 
assuming that both effects are independent, temperature has a greater influence on thermal 
conductivity than pressure (Seipold, 1992). Thermal conductivity decreases with depth 
(Seipold and Huenges, 1998, Buntebarth, 1991).  
 
For example, the estimated thermal conductivity dependence with the depth for gneiss in the 
KTB is shown in Figure 2.19 (Buntebarth, 1991). 
 
    
 
 
Figure 2.19: The estimated thermal conductivity at KTB-location dependent on the depth for 
gneiss which is oriented perpendicular or parallel to the schistosity as well as approximately 
parallel to the borehole axis (n) and for metabasite (MB), Gn represents gneiss.  
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3 Densities and porosities 
 
The density and porosity of a rock are fundamental physical properties on which practicaly all 
other physical properties, such as seismic wave velocity, thermal conductivity, electric 
conductivity, are directly or indirectly related.  
 
 
3.1 Definition 
 
Density ρ is defined as the quotient of the mass m and the volume V of a material. 
 
ρ = m / V 
The SI unit for density is kg·m -3  
 
As most of the surface rocks are porous, two kinds of densities are generally used:  
bulk density and matrix density. 
 
ρ b = m /Vtotal ...........................................................................................  (3.1) 
 
Supposing there is only the mass of rock ( m may include fluid mass in the pores, i.e. m = 
mmatrix + mpore ,  for dry rock sample mass of air in the pore can be neglected.), the volume of 
rock consists of matrix and pore, then  
 
V total = V matrix + V pore ............................................................................. (3.2) 
 
Matrix density considers that only the mass in the matrix volume; and that the void volume of 
the pores inside the rock is excluded. Therefore, matrix density is defined as the mass in the 
matrix volume. 
 
ρ  matrix = m / V matrix ................................................................................. (3.3) 
 
Porosity φ is defined as the ratio of volume of pore space V pore to the total volume V total of 
the rock. 
φ = V pore / V total  = 1 - V matrix /V total ........................................................ (3.4) 
 
From the bulk density  ρ b  and matrix density ρ  matrix , one can obtain the porosity by using 
equation (3.1) and (3.3) in equation (3.4), 
 
φ = 1 - ρ b / ρ matrix .................................................................................... (3.5) 
 
The general relation between porosity and density can also be written as below 
ρ b = ρ pore φ + ρmatrix (1- φ)......................................................................... (3.6) 
 
when ρ pore <<  ρ b, then φ  = 1 - ρ b / ρmatrix  reducing to equation (3.5). 
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3.2 Measurement methods 
 
In order to determine porosity in a rock sample, bulk density and matrix density are measured 
separately by the Archimedes method and the pycnometer method. 
 
The first step in the laboratory is to dry the rock specimens for 24 hours in an oven at a 
temperature of 90°C. To avoid the dry samples from absorbing moisture the volume 
measurements are then carried out soon after the specimens are taken out from the oven. After 
this treatment, in a second step, the dry mass of the rock is measured with a Mettler PM100 
precision balance, the bulk volume by the Archimedian method and the matrix volume with a 
Quantachrome gaz pycknometer. As the specimens have a simple geometry, one could also 
calculate the bulk volume by using the cylindrical dimensions (diameter and length), but 
experience shows that the previous method is more appropriate due to the specimens’ 
geometrical irregularities. Knowing the mass and both the matrix and bulk volumes, the 
density can be calculated using equations (3.1) and (3.3). 
3.2.1 Archimedes 
 
The Archimedes method is based on the measurement of the mass of sample in air and then 
when immersed in a fluid (e.g. distilled water). The sample’s volume is calculated from the 
mass in air m, the mass in distilled water mw and density of the fluid at room temperature ρw. 
The bulk volume of sample is given by: 
V
m m
b
w
w
= −ρ ............................................................................................  (3.7) 
As the density of water ρw  depends on temperature, its variation is taken into account. 
 
3.2.2 Pycnometer 
 
Measurement of the matrix volume is based on Boyle’s law and uses a gas to penetrate into 
the finest pores of the rock specimen. In the stereopycnometer (see Figure 3.1) there are two 
chambers whose volumes are known (Vc and Va), where Vc is the volume of stereopycnometer 
chamber in which the rodk is placed, and the Va volume of the additional chamber. Helium 
gas is used since its small atomic dimension assures a good penetration into microfissures and 
pores, approaching 10-10 m. When the pressurized helium gas flows into the first chamber 
which holds the rock specimen, and the gas pressure reaches a balance P1, the second 
additional chamber is then opened. It takes 10 to 30 minutes to reach the equilibrium pressure 
P2 depending on the type of rock and its porous structure. The matrix volume is given by 
(Barblan, 1990): 
 
V V
V
P
P
m c
a= +
−1 1
2
...................................................................................... (3.8) 
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Figure 3.1: Stereopycnometer SPY-2. 
 
After repeated measurements  (minimum 3 times) of gas pressure readings of P1 and P2 at the 
pressure transducer, the sample’s matrix volume is obtained by equation (3.8), i.e.  
 
Vm = (Vm1 + Vm2+ ……+ Vm n) / n........................................................... (3.9) 
 
where Vmi ( i=1, 2, ……, n) is the matrix volume corresponding to each pair of gas pressure 
readings. Consequently matrix density is calculated from equation (3.2) for each rock 
specimen. 
 
3.3 Density results 
 
90 different rock samples comprising 268 specimens were measured to determine their matrix 
and bulk densities, with in general three specimens from each block. The data are given in the 
Table 3.1 where the sample’s geometrical size is given by its length and diameter. Each 
specimen’s mass in air m and mass in water mw are measured to obtain the bulk density from 
the known water density ρw at room temperature T (°C). Then the specimen was placed again 
in an oven to evaporate the water absorbed during the bulk density measurement. At the 
beginning of the matrix density ρm measurement, an aluminum cylinder of the same size as 
the rock specimens (sample ALU in the Table 3.1) was used as a standard and is always 
measured first to reduce measurement system error. 
 
In the Table 3.1, the specimen parameters are listed: 
 
L: length of cylindrical sample 
D: diameter 
m: mass of sample in air 
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Table 3.1 Densities and porosity for single specimens 
 
L D m ρb ρmatrix Porosity Sample 
cm cm 10-3 kg 103 k·gm-3 103 kg·m-3 % 
ALU 5.002 2.542 68.969 2.72 2.72 0.00 
CS50_1 5.080 2.526 67.936 2.67 2.70 0.95 
CS50_2 5.078 2.526 67.729 2.67 2.69 0.71 
CS50_3 5.094 2.526 68.048 2.67 2.69 0.51 
CS52_1 4.774 2.520 49.231 2.23 2.75 19.05 
CS52_2 4.996 2.520 51.335 2.21 2.71 18.72 
CS52_3 4.138 2.512 41.287 2.20 2.71 18.87 
CS53_1 5.094 2.526 69.100 2.71 2.74 1.21 
CS53_2 5.090 2.526 69.686 2.73 2.74 0.24 
CS53_3 5.102 2.526 68.834 2.68 2.71 1.32 
CS54_1 4.972 2.524 52.141 2.22 2.71 17.94 
CS54_2 5.062 2.524 53.659 2.20 2.71 18.60 
CS54_3 5.081 2.524 54.142 2.21 2.72 18.61 
CS55_1 4.968 2.504 65.773 2.69 2.70 0.32 
CS55_2 5.074 2.522 68.382 2.71 2.72 0.63 
CS55_3 5.066 2.524 68.522 2.71 2.72 0.50 
CS56_1 4.752 2.524 64.634 2.72 2.73 0.40 
CS56_2 5.074 2.524 68.697 2.69 2.73 1.39 
CS56_3 5.066 2.524 65.689 2.73 2.74 0.33 
CS57_1 5.032 2.526 67.857 2.70 2.71 0.54 
CS57_2 5.058 2.526 68.255 2.70 2.71 0.45 
CS57_3 5.068 2.524 68.313 2.70 2.71 0.51 
CS58_1 5.052 2.526 69.184 2.74 2.76 0.74 
CS58_2 5.088 2.526 69.574 2.74 2.76 0.84 
CS58_3 5.090 2.526 69.678 2.74 2.77 1.27 
CS59_1 5.132 2.526 68.987 2.69 2.71 0.75 
CS59_2 5.104 2.526 68.376 2.68 2.71 1.05 
CS59_3 5.102 2.526 68.491 2.69 2.70 0.50 
CS60_1 4.946 2.508 66.767 2.74 2.76 0.74 
CS60_2 5.098 2.524 69.128 2.73 2.75 1.01 
CS60_3 5.058 2.524 68.004 2.70 2.75 1.61 
CS61_1 5.106 2.526 69.042 2.69 2.70 0.35 
CS61_2 5.126 2.526 69.391 2.70 2.70 0.02 
CS61_3 5.082 2.526 68.529 2.69 2.70 0.32 
CS62_1 4.400 2.526 59.383 2.70 2.70 0.06 
CS63_1 5.124 2.526 68.998 2.69 2.69 0.15 
CS63_2 5.140 2.526 69.344 2.70 2.70 0.20 
CS63_3 5.068 2.500 66.957 2.69 2.69 0.21 
CS64_1 5.106 2.526 69.545 2.72 2.76 1.46 
CS64_2 5.100 2.526 68.970 2.71 2.73 0.73 
CS64_3 5.070 2.526 68.046 2.69 2.72 0.94 
CS65_1 4.966 2.494 65.247 2.70 2.70 0.23 
CS65_2 5.098 2.526 69.498 2.73 2.73 0.27 
CS65_3 5.102 2.526 69.663 2.73 2.75 0.54 
CS66_1 5.064 2.524 63.291 2.51 2.68 6.17 
CS66_2 5.054 2.524 63.049 2.52 2.69 6.11 
CS66_3 5.046 2.524 61.160 2.51 2.70 7.02 
CS67_1 4.958 2.522 62.578 2.55 2.69 5.06 
CS67_2 4.955 2.522 63.117 2.57 2.70 4.86 
CS67_3 4.968 2.522 62.637 2.55 2.69 5.22 
CS68_1 5.078 2.526 68.738 2.71 2.73 0.81 
CS68_2 5.020 2.526 67.891 2.70 2.70 0.10 
CS68_3 5.082 2.528 68.773 2.70 2.71 0.31 
CS69_1 5.104 2.524 69.131 2.71 2.71 0.21 
CS69_2 5.074 2.524 68.671 2.70 2.71 0.34 
CS69_3 5.082 2.524 68.806 2.70 2.70 0.34 
CS70_1 5.000 2.524 67.104 2.68 2.69 0.37 
CS70_2 5.030 2.522 67.539 2.69 2.69 0.00 
CS70_3 5.002 2.520 66.916 2.68 2.69 0.26 
CS71_1 4.932 2.524 65.931 2.68 2.71 1.28 
CS71_2 4.954 2.522 66.388 2.68 2.71 0.92 
CS71_3 4.938 2.524 66.150 2.68 2.71 1.08 
CS72_1 4.934 2.522 66.502 2.70 2.71 0.26 
CS72_2 4.938 2.522 66.198 2.69 2.70 0.43 
CS72_3 4.946 2.522 66.519 2.70 2.70 0.05 
CS73_1 4.961 2.524 66.391 2.68 2.69 0.28 
CS73_2 4.964 2.524 66.461 2.68 2.70 0.90 
CS73_3 4.950 2.524 66.233 2.68 2.69 0.30 
CS74_1 4.464 2.524 59.951 2.69 2.71 0.59 
CS74_2 4.916 2.524 65.914 2.70 2.71 0.44 
CS74_3 4.956 2.522 66.652 2.70 2.71 0.45 
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Table 3.1 Densities and porosity for single specimens (continued) 
 
L D m ρb ρmatrix Porosity Sample 
cm cm 10-3 kg 103 k·gm-3 103 kg·m-3 % 
CS75_1 5.012 2.524 67.131 2.68 2.68 0.07 
CS75_2 4.972 2.526 66.129 2.66 2.67 0.15 
CS75_3 4.917 2.526 66.036 2.69 2.69 0.11 
CS76_1 4.910 2.526 65.848 2.69 2.70 0.49 
CS76_2 4.962 2.516 65.546 2.69 2.71 0.58 
CS76_3 4.938 2.516 65.870 2.69 2.71 0.72 
CS77_1 4.924 2.522 65.913 2.65 2.69 1.59 
CS77_2 4.970 2.522 66.441 2.68 2.69 0.31 
CS77_3 4.968 2.522 66.346 2.68 2.69 0.52 
CS78_1 4.930 2.525 66.488 2.70 2.71 0.23 
CS78_2 4.942 2.524 65.859 2.70 2.70 0.06 
CS78_3 4.940 2.538 67.505 2.70 2.70 0.08 
CS79_1 4.966 2.522 67.516 2.72 2.82 3.48 
CS79_2 4.936 2.524 67.318 2.73 2.79 2.11 
CS79_3 4.980 2.524 67.770 2.73 2.75 0.81 
CS80_1 4.954 2.518 56.823 2.44 2.68 9.12 
CS80_2 5.044 2.518 58.886 2.42 2.71 10.74 
CS80_3 5.028 2.518 58.304 2.44 2.68 8.94 
CS81_1 4.994 2.520 64.865 2.62 2.68 2.45 
CS81_2 5.020 2.520 65.310 2.62 2.66 1.50 
CS81_3 4.998 2.520 65.117 2.62 2.65 1.47 
CS82_1 4.960 2.522 64.902 2.63 2.70 2.55 
CS82_2 4.912 2.524 64.442 2.60 2.69 3.48 
CS82_3 4.990 2.522 65.360 2.63 2.69 2.56 
CS83_1 4.928 2.518 56.930 2.37 2.71 12.61 
CS83_2 4.932 2.520 57.829 2.39 2.68 10.90 
CS83_3 4.930 2.518 57.181 2.36 2.71 12.86 
CS84_1 4.966 2.521 66.830 2.70 2.71 0.18 
CS84_2 4.940 2.500 63.659 2.69 2.70 0.50 
CS84_3 4.968 2.521 67.095 2.71 2.71 0.13 
CS85_1 4.989 2.524 66.711 2.68 2.69 0.46 
CS85_2 4.939 2.524 66.346 2.68 2.70 0.57 
CS85_3 4.948 2.524 66.465 2.68 2.70 0.79 
CS86_1 4.682 2.521 62.826 2.69 2.70 0.47 
CS86_2 4.960 2.520 66.449 2.69 2.70 0.39 
CS86_3 4.988 2.522 67.079 2.69 2.70 0.36 
JB01_1 5.028 2.534 65.355 2.59 2.66 2.37 
JB01_2 4.994 2.534 65.192 2.60 2.66 2.35 
JB01_3 5.056 2.536 66.073 2.60 2.66 2.32 
JB02_1 5.098 2.533 67.241 2.63 2.65 0.81 
JB02_2 5.068 2.532 66.744 2.63 2.65 0.79 
JB02_3 5.050 2.534 66.931 2.63 2.65 0.66 
JB03_1 4.990 2.524 70.933 2.85 2.87 0.59 
JB03_2 4.920 2.524 69.931 2.85 2.87 0.71 
JB03_3 4.908 2.524 69.832 2.85 2.88 0.75 
JB04_1 5.056 2.522 71.503 2.85 2.87 0.71 
JB04_2 5.008 2.522 70.794 2.85 2.86 0.36 
JB04_3 4.996 2.552 70.970 2.85 2.86 0.32 
JB06_1 5.048 2.508 65.059 2.63 2.65 0.81 
JB06_2 4.633 2.513 66.302 2.71 2.72 0.62 
JB06_3 4.930 2.521 62.377 2.70 2.75 1.82 
JB07_1 5.014 2.536 70.564 2.79 2.81 0.57 
JB07_2 5.024 2.536 70.399 2.79 2.80 0.39 
JB07_3 5.040 2.538 71.284 2.81 2.83 0.75 
JB08_1 5.003 2.537 67.514 2.68 2.71 1.08 
JB08_2 5.017 2.536 67.522 2.67 2.70 1.21 
JB08_3 5.036 2.534 66.072 2.68 2.71 0.99 
JB09_1 4.878 2.526 65.606 2.70 2.73 1.16 
JB09_2 4.986 2.528 66.731 2.68 2.71 1.01 
JB09_3 4.954 2.528 66.036 2.67 2.70 1.06 
JB10_1 4.934 2.520 69.668 2.84 2.86 0.52 
JB10_2 4.968 2.526 70.701 2.84 2.85 0.44 
JB10_3 4.982 2.522 70.527 2.84 2.85 0.48 
JB11_1 5.012 2.532 67.868 2.69 2.70 0.15 
JB11_2 5.012 2.534 68.324 2.70 2.71 0.41 
JB11_3 5.046 2.532 68.333 2.72 2.72 0.26 
JB12_1 5.063 2.524 68.339 2.70 2.70 0.03 
JB12_2 5.032 2.510 66.448 2.69 2.69 0.03 
JB12_3 5.112 2.522 69.321 2.72 2.72 0.03 
JB13_1 5.010 2.538 73.046 2.88 2.89 0.31 
JB13_2 5.060 2.534 73.688 2.88 2.89 0.34 
JB13_3 5.048 2.536 72.881 2.86 2.86 0.30 
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Table 3.1 Densities and porosity for single specimens (continued) 
 
L D m ρb ρmatrix Porosity Sample 
cm cm 10-3 kg 103 k·gm-3 103 kg·m-3 % 
JB14_1 5.100 2.524 73.475 2.89 2.91 0.68 
JB14_2 5.016 2.514 73.196 2.94 2.96 0.90 
JB14_3 5.106 2.526 73.801 2.89 2.92 0.93 
JB15_1 5.048 2.534 68.736 2.70 2.73 1.15 
JB15_2 5.080 2.534 68.606 2.70 2.72 0.47 
JB15_3 5.061 2.534 69.366 2.71 2.73 0.51 
JB16_1 5.024 2.530 71.702 2.83 2.85 0.56 
JB16_2 5.024 2.534 71.890 2.84 2.85 0.50 
JB16_3 4.330 2.530 61.636 2.84 2.86 0.56 
JB17_1 4.990 2.526 57.911 2.71 2.73 0.72 
JB17_2 4.974 2.524 67.721 2.72 2.72 0.10 
JB17_3 4.280 2.524 66.246 2.72 2.72 0.13 
JB18_1 5.040 2.536 68.996 2.72 2.78 2.11 
JB18_2 5.088 2.536 69.562 2.72 2.73 0.56 
JB18_3 5.032 2.538 68.699 2.71 2.73 0.48 
JB19_1 5.012 2.530 70.490 2.81 2.85 1.66 
JB19_2 4.614 2.530 70.046 2.81 2.85 1.47 
JB19_3 4.966 2.530 65.111 2.81 2.86 1.51 
JB20_1 5.054 2.536 75.958 2.98 2.99 0.31 
JB20_2 5.034 2.534 75.220 2.96 2.98 0.52 
JB20_3 5.036 2.537 75.378 2.97 2.97 0.14 
JB21_1 4.986 2.532 66.023 2.65 2.66 0.66 
JB21_2 5.020 2.540 66.610 2.65 2.67 0.69 
JB21_3 5.008 2.528 66.592 2.64 2.66 0.71 
JB22_1 5.036 2.534 67.558 2.66 2.66 0.07 
JB22_2 5.028 2.533 67.573 2.67 2.69 0.79 
JB22_3 5.046 2.536 67.703 2.66 2.66 0.09 
JB23_1 4.982 2.523 68.113 2.74 2.75 0.40 
JB23_2 4.952 2.524 68.405 2.76 2.77 0.44 
JB23_3 4.972 2.525 68.197 2.76 2.77 0.29 
JB24_1 5.030 2.534 67.888 2.68 2.69 0.51 
JB24_2 5.012 2.534 68.365 2.68 2.70 0.65 
JB24_3 5.068 2.534 67.493 2.68 2.70 0.88 
JB25_1 4.958 2.532 67.468 2.71 2.73 0.64 
JB25_2 5.022 2.532 68.775 2.72 2.79 2.58 
JB25_3 5.038 2.532 67.958 2.70 2.71 0.61 
JB26_1 4.267 2.526 56.968 2.68 2.70 0.79 
JB26_2 5.092 2.524 67.985 2.68 2.70 0.84 
JB26_3 5.046 2.526 67.177 2.67 2.69 0.88 
JB27_1 5.052 2.536 72.470 2.84 2.86 0.64 
JB27_2 5.074 2.530 72.358 2.84 2.87 1.04 
JB27_3 5.036 2.532 71.854 2.84 2.86 0.76 
JB28_1 5.048 2.518 66.135 2.64 2.65 0.39 
JB28_2 5.018 2.520 66.071 2.64 2.65 0.31 
JB28_3 5.028 2.528 66.173 2.64 2.65 0.37 
JB29_1 4.950 2.450 63.119 2.66 2.71 1.69 
JB29_2 4.936 2.480 67.360 2.73 2.76 1.17 
JB29_3 4.956 2.528 64.882 2.70 2.75 1.67 
JB30_1 5.080 2.538 76.836 3.00 3.02 0.53 
JB30_2 5.048 2.535 76.965 3.03 3.05 0.58 
JB30_3 5.070 2.536 75.600 2.96 2.98 0.72 
JB31_1 4.968 2.524 66.807 2.70 2.75 1.69 
JB31_2 5.014 2.524 63.192 2.73 2.76 1.10 
JB31_3 4.646 2.524 68.501 2.76 2.76 0.08 
JB32_1 5.028 2.536 68.725 2.71 2.73 0.69 
JB32_2 5.038 2.536 68.827 2.71 2.72 0.43 
JB32_3 5.072 2.536 69.333 2.71 2.73 0.47 
JB33_1 4.996 2.526 68.086 2.72 2.74 0.53 
JB33_2 4.096 2.524 67.863 2.73 2.75 1.04 
JB33_3 4.978 2.526 55.998 2.73 2.76 1.15 
JB34_1 5.088 2.512 69.147 2.76 2.77 0.39 
JB34_2 5.044 2.518 69.427 2.78 2.79 0.35 
JB34_3 5.046 2.514 69.924 2.80 2.82 0.39 
JB35_1 5.016 2.540 66.954 2.65 2.67 0.76 
JB35_2 5.060 2.532 57.374 2.65 2.67 0.92 
JB35_3 4.300 2.534 67.253 2.65 2.67 0.63 
JB36_1 5.030 2.538 67.241 2.66 2.68 1.06 
JB36_2 5.032 2.550 67.210 2.65 2.68 0.93 
JB36_3 5.038 2.532 66.981 2.65 2.67 0.76 
TM01_1 4.942 2.524 65.735 2.68 2.70 0.73 
TM01_2 4.968 2.524 66.238 2.69 2.70 0.60 
TM01_3 4.978 2.524 66.330 2.68 2.70 0.45 
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Table 3.1 Densities and porosity for single specimens (continued) 
 
L D m ρb ρmatrix Porosity Sample 
cm cm 10-3 kg 103 k·gm-3 103 kg·m-3 % 
TM02_1 5.012 2.536 69.610 2.77 2.79 0.76 
TM02_2 5.010 2.526 69.428 2.79 2.84 1.84 
TM02_3 4.993 2.535 68.441 2.73 2.76 0.76 
TM03_1 5.002 2.538 68.581 2.73 2.76 1.06 
TM03_2 4.930 2.536 67.366 2.72 2.74 0.68 
TM03_3 4.920 2.534 65.878 2.72 2.76 1.28 
TM05_1 5.002 2.520 66.102 2.67 2.69 0.87 
TM05_2 4.974 2.522 65.625 2.67 2.68 0.55 
TM05_3 4.992 2.522 64.842 2.63 2.69 2.16 
TM06_1 5.012 2.532 66.572 2.66 2.66 0.15 
TM06_2 5.022 2.536 66.908 2.66 2.66 0.05 
TM06_3 4.992 2.534 66.369 2.66 2.66 0.23 
TM08_1 4.634 2.480 60.577 2.78 2.79 0.28 
TM08_2 4.966 2.500 66.695 2.75 2.77 0.80 
TM08_3 4.972 2.492 66.926 2.75 2.80 1.67 
TM10_1 4.945 2.522 67.874 2.77 2.79 0.59 
TM10_2 4.968 2.534 68.616 2.76 2.78 0.82 
TM10_3 4.968 2.534 68.709 2.77 2.80 0.88 
TM13_1 4.980 2.524 66.061 2.68 2.68 0.04 
TM13_2 4.938 2.510 63.182 2.64 2.65 0.14 
TM13_3 4.862 2.524 64.114 2.68 2.68 0.02 
TM17_1 4.976 2.524 66.702 2.70 2.77 2.47 
TM17_2 4.956 2.524 66.428 2.70 2.75 1.87 
TM17_3 4.958 2.522 66.272 2.70 2.74 1.39 
TM20_1 4.960 2.535 72.359 2.92 2.95 1.10 
TM20_2 4.961 2.532 72.401 2.93 2.94 0.43 
TM20_3 5.000 2.532 72.554 2.90 2.91 0.43 
TM21_1 5.010 2.532 75.933 3.03 3.04 0.10 
TM21_2 5.026 2.532 75.718 3.01 3.02 0.08 
TM21_3 5.025 2.532 75.413 3.01 3.01 0.06 
TM22_1 4.928 2.536 66.462 2.69 2.72 0.93 
TM22_2 4.996 2.536 67.471 2.69 2.70 0.22 
TM22_3 4.998 2.534 67.126 2.68 2.71 1.08 
TM23_1 4.924 2.514 64.875 2.67 2.71 1.52 
TM23_2 4.932 2.520 65.307 2.68 2.72 1.55 
TM23_3 4.968 2.516 64.627 2.65 2.69 1.54 
TM25_1 4.950 2.526 69.185 2.83 2.84 0.30 
TM25_2 5.014 2.538 71.269 2.83 2.84 0.27 
TM25_3 4.996 2.538 70.926 2.82 2.83 0.21 
TM26_1 4.950 2.518 62.650 2.57 2.64 2.66 
TM26_2 5.024 2.504 63.352 2.58 2.66 2.85 
TM26_3 5.012 2.516 63.444 2.57 2.65 3.03 
TM27_1 4.868 2.525 64.952 2.69 2.70 0.45 
TM27_2 5.052 2.524 67.377 2.68 2.70 0.47 
TM27_3 5.012 2.526 67.011 2.69 2.70 0.32 
TM29_1 4.992 2.526 67.745 2.71 2.72 0.11 
TM29_2 4.980 2.524 67.715 2.72 2.72 0.20 
TM29_3 5.024 2.524 68.203 2.71 2.72 0.13 
TM33_1 4.956 2.524 65.780 2.67 2.70 1.02 
TM33_2 4.954 2.524 65.881 2.68 2.69 0.51 
TM33_3 4.950 2.524 65.721 2.68 2.70 0.75 
TM37_1 5.154 2.368 48.148 2.19 2.62 16.37 
TM37_2 4.837 2.514 45.861 2.02 2.71 25.30 
TM37_3 4.892 2.520 47.724 2.08 2.68 22.53 
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The density range (minimum and maximum values) and the mean value, of the main types of 
rock are given in table 3.2 and illustrated in Figure 3.2. For the same type of rock, density can 
vary according to the rock forming minerals and fabric. In general the more samples 
measured, the larger is the span of density values due to the natural heterogeneity of the rocks. 
S.D. stands for standard deviation which can be used to indicate how mean value closing to 
real value or how much deviation between measured value and true value. 
 
Table 3.2 Densities of rocks in order of increasing values 
 
Bulk density x103 kg⋅m-3 Matrix density x103 kg⋅m-3 
Type of rock Min Mean Max SD Min Mean Max SD 
Gypsum(2) 2.02 2.15 2.23 0.084 2.62 2.70 2.75 0.045 
Sandstone(9) 2.20 2.60 2.74 0.169 2.68 2.71 2.76 0.026 
Pegmatite(1) 2.64 2.67 2.68 0.021 2.65 2.67 2.68 0.019 
Quartzite(4) 2.63 2.67 2.76 0.040 2.65 2.69 2.76 0.044 
Limestone(28) 2.36 2.67 2.81 0.080 2.64 2.71 2.86 0.037 
Gneiss(9) 2.59 2.67 2.80 0.053 2.65 2.70 2.82 0.048 
Radiolarite(1) 2.66 2.68 2.69 0.012 2.67 2.68 2.69 0.011 
Conglomerate(3) 2.65 2.68 2.72 0.026 2.67 2.70 2.76 0.030 
Siltstone(1) 2.70 2.70 2.70 0.002 2.71 2.71 2.71 0.001 
Monzonite(1) 2.70 2.71 2.71 0.008 2.72 2.73 2.73 0.007 
Diorite(3) 2.67 2.72 2.81 0.059 2.70 2.74 2.83 0.053 
Serpentinite(5) 2.66 2.73 2.88 0.078 2.66 2.74 2.89 0.078 
Breccia(4) 2.68 2.73 2.79 0.036 2.69 2.76 2.84 0.049 
Schist(6) 2.66 2.76 2.93 0.082 2.69 2.78 2.95 0.079 
Marble(7) 2.70 2.79 2.85 0.069 2.70 2.81 2.88 0.068 
Dolomite(2) 2.82 2.83 2.84 0.008 2.83 2.84 2.86 0.012 
Kinzigite(1) 2.89 2.91 2.94 0.025 2.91 2.93 2.96 0.028 
Amphibolite(2) 2.96 2.98 3.03 0.027 2.97 3.00 3.05 0.029 
Metagabbro(1) 3.01 3.02 3.03 0.012 3.01 3.02 3.04 0.012 
 
 ( ) indicates number of samples 
Chapter 3: Densities and porosities 
54 
 
                                 
                                
 
 
 
 
 
Figure 3.2: Mean and extreme values of bulk density and matrix density 
 
 
The histograms of matrix and bulk densities are similar in form with the matrix one being 
shifted to the right of the bulk curve in the Figure. 3.3. One notices that for the majority of the 
Mean and extreme values of bulk density 
Mean and extreme values of matrix density 
Chapter 3: Densities and porosities 
55 
specimens the differences between the two types of density are not very obvious; they are 
related to the very compact specimens with a very low porosity. The 75% (220/268) of our 
specimens have a bulk density in the interval between 2.65 to 2.80 x 103 kg·m-3.  
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Figure 3.3: Distribution of rock densities for a total number of 268 specimens 
 
3.4 Porosity results 
 
In Table 3.1, porosity is computed from bulk density and matrix density according to equation 
(3.5). Many specimens have very low porosity, which means that the bulk density is very 
close to the matrix density. The calculated porosity reflects the effective pore space without 
micro-morphological information of pore space. It is interesting to examine the statistical 
distribution of porosity of our rock specimens (Figure, 3.4). 
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Figure 3.4: Distribution of porosity  
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One sees that 86% of the rock samples have a low porosity of less than 2% and that the largest 
population at lies at a porosity of 0.6%. There are 6.7% of the samples that are not shown on 
figure 3.4 with a higher porosity comprised between 6 to 26%; all these are sediments. As 
expected by the experience the porosity of the crystalline rocks is very low, less than 2%. The 
maximum porosity occurs in sedimentary rocks, such as gypsum, sandstone and for a very 
small number of limestones (Figure 3.5). 
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Figure 3.5: Porosity range and mean value of porosity 
  
3.5 Density of rock forming minerals and rocks 
 
The density of a rock depends on the density of its rock forming minerals. The main rock 
forming minerals have the following densities (Table 3.3). 
 
Table 3.3 Density of rock forming minerals  
(Christensen 1982, Carmichael 1984, Schön 1996) 
 
Mineral Density (103 kgm-3) 
Quartz 2.65 
Feldspar   
K-feldspar 2.54 - 2.57 
microcline 2.56 
orthoclase 2.57 
albite 2.62 
anorthite 2.76 
            plagioclase 2.61 - 2.69 
Silicates   
amphibolite 3.12 -3.15 
biotite 2.80 - 3.05 
forsterite 3.21 
fayalite 4.39 
  muscovite 2.79 
Carbonate   
calcite 2.71 
dolomite 2.83 
  magnesite 3.01 
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Due to the lower density values of quartz and feldspars, the rock density decreases as their 
content increases (Schön 1996).  
 
From figure 3.2, igneous and metamorphic rocks have relatively smaller varied range of 
density than that of sedimentary rocks, which have various pore shapes and connectivity. Pore 
shapes and their interconnection pronouncedly influence their density. 
 
For comparison purposes published data of bulk density of identical types of rocks (Wenk and 
Wenk 1969, Schön 1996) to our measured samples are listed in the Table 3.4. Globally the 
data are in good agreement. 
 
Table 3.4 Rock density comparisons 
 
Density (103 kg·m-3) 
Rock Low Mean High Ref. 
Amphibolite 2.79 2.99 3.14  Cla66 
Amphibolite 2.91 3 3.04  Rei31/33 
Amphibolite(2) 2.96 2.98 3.03  Gong 
Amphibolite(8) 2.69 2.86 3.06  W,W69 
Conglomerate 2.1 2.4 2.7  Haa53 
Conglomerate(3) 2.65 2.69 2.72  Gong 
Diorite 2.72 2.84 2.96  Cla66 
Diorite 2.72 2.86 2.99  Rei31/33 
Diorite(3) 2.67 2.72 2.81  Gong 
Dolomite 2.44 2.75 2.9  Haa53 
Dolomite(2) 2.82 2.83 2.84  Gong 
Gabbro 2.85 2.98 3.12  Cla66 
Gabbro 2.89 3 3.09  Rei31/33 
Gabbro(1) 3.01 3.02 3.03  Gong 
Gneiss 2.61 2.66 3.12  Kry57 
Gneiss 2.59 2.75 3  Rei31/33 
Gneiss(9) 2.59 2.67 2.8  Gong 
Gneiss(55) 2.6 2.67 2.95  W,W69 
Gypsum 2.17 2.26 2.31  Haa53 
Gypsum(2) 2.02 2.15 2.23  Gong 
Limestone 2.34 2.49 2.58  Jak50 
Limestone 2.54 2.67 2.72  Kry57 
Limestone 2.68 2.73 2.84  Rei31/33 
Limestone(28) 2.36 2.67 2.81  Gong 
Marble 2.49 2.61 2.73  Kry57 
Marble 2.63 2.78 2.87  Rei31/33 
Marble(7) 2.7 2.79 2.85  Gong 
Pegmatite(1) 2.64 2.67 2.68  Gong 
Pegmatite(3) 2.57 2.61 2.63  W,W69 
Quartz(4) 2.63 2.67 2.76  Gong 
Quartzite(2) 2.64 2.64 2.64  W,W69 
Sandstone 2.59 2.65 2.72  Rei31/33 
Sandstone(9) 2.2 2.6 2.74  Gong 
Schist(18) 2.6 2.76 2.93  W,W69 
Schist(3) 2.66 2.76 2.93  Gong 
Serpentinite 2.8 2.95 3.1  Rei31/33 
Serpentinite(5) 2.66 2.73 2.88  Gong 
 
Gong is in this study, W,W69 is Wenk and Wenk (1969). The rest cited from Wohlenburg 
(1982) and Schön (1996). 
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3.6 Error in the determination of density and porosity 
 
The errors in the density values originate from the mass and volume measurements. The 
errors in the Archimedes method are not the same as those in the pycnometer method, and 
they are discussed separately below. 
 
3.6.1 Archimedes method 
 The sample’s mass is measured in air and water respectively, with the volume of sample 
derived from its mass when immersed in water mw, from eq. (3.7), 
m m V m mw w b
w= − ⋅ = −ρ ρρ  
Therefore  
ρ ρ= −
m
m mw
w( )
..................................................................................... (3.10) 
 
ρw is the density of water, ρ depends on the mass measurements m and mw. Although the 
balance has a precision to 0.001 g for m, dm=0.001g, in the case of mw a lesser precision is 
due readings for the mass in water being changed by a physical process, i.e. water penetrates 
into the pores replacing air in the porous surface of a rock sample. With experience one 
should quickly read mw. An estimate of the error in this measurement can be made, and gives 
dmw = 0.02g. Differentiating equation (3.7) gives: 
 
d m
dm
m m
m
dm
m mw
w
w
w w
w
ρ ρ ρ= ⋅ ⋅ − − ⋅ ⋅ −( ) ( )2 2 ...................................... (3.11) 
 
From equation (3.11) one can get the absolute error for bulk density measurement. The main 
error for bulk density here is caused by the measurement of mw, the second term in the (3.11) 
can be neglected as dm << dmw and m > mw, 
 
d m
dm
m mw
w
w
ρ ρ≈ ⋅ ⋅ −( )2 ......................................................................... (3.12) 
 
Taking one example from Table 3.1 for the absolute error estimation of bulk density, e.g. 
sample JB09_2 a granodiorite, 
 
L D m m-mw T ρw ρb ρmatrix Porosity Sample 
cm cm 10-3 kg 10-3 kg °C 103 kg·m-3 103 kg·m-3 103 kg·m-3 % 
JB09_2 4.986 2.528 66.731 24.843 21.5 0.998 2.68 2.71 1.01 
 
Using the measured masses and substituting them into equation (3.9) 
 
dρ = 0.998×66.731×0.02/24.842 ≈ 0.002 (103 kg⋅m-3)= 2 kg⋅m-3 
 
With respect to relative error in the density by the Archimedes method, combining equations 
(3.10) and (3.12) one obtains: 
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dρ / ρ  = dmw /(m-mw)............................................................................. (3.13) 
 
Using data for sample JB09_2, (m-mw)=24.84 × 10 –3 kg , then 
 
dρ / ρ = 0.02 / 24.84 ≈ 0.0008 = 0.08%. 
 
 
3.6.2 Pycnometric method  
ρ = m
V
 
By differentiation of the above equation, 
 
d
m
dm V dV
dm
V m
dV
V
ρ ∂ρ∂
∂ρ
∂= + = + 2  
 
then dividing all the terms by ρ, 
 
d dm
m
dV
V
ρ
ρ = + ........................................................................................(3.11) 
 
Because dm is very small and dm / m is close to 0.001/70 < 0.02%, the first term on the right 
side of (3.11) can be neglected. According to eq. (3.8), 
 
( )
dV
V
V dP
V
P
P
V V P
a
c a c
=
− +⎡⎣⎢
⎤
⎦⎥
2
1
1)
...............................................................  (3.12) 
 
In the above eq. (3.12), Va=86 cm3, Vc=46 cm3, dP= 7 Pascal, during the measurement the 
typical values for P1 and P2 gives an approximate value P1/P2= 13.5/2.5 = 5.4, and 
P1=13×7×103 Pascal, 
 
   
dV
V
dP
P
≈ ≈399
1
0 0003. . = 0.03% 
 
Considering errors that come from the measurement of mass, the total error in matrix density 
is estimated at less than 0.05%. For sample JB09_2 with a matrix density 2710 kgm-3, the real 
value may be 2710 ± 1 kg⋅m-3. This is more precise than the bulk density measurement.  
 
In conclusion, the density measurement has a precision of better than 0.1% after considering 
the measuring system and the measuring operation errors. 
 
3.6.3 Porosity  
 
Estimation of the error in the porosity uses the same procedure as for the pycnometer method, 
from (3.4) one can express the differential of the porosity as: 
Chapter 3: Densities and porosities 
60 
dφ = ρb / ρm( dρm / ρm - dρb / ρb) 
 
As mentioned above, dρm / ρm << dρb / ρb and ρb / ρm ≤ 1, thus  
 
dφ < dρb / ρb = 0.08% < 0.1% 
 
3.7 Discussion 
 
Although density and porosity are very simple in their definition, there is no agreement on 
standard measurement method (Bourbié et al., 1987, Schopper 1982). Determination of 
density and porosity in the laboratory may give results, which are somehow different from 
those of in-situ rocks; small-scale heterogeneities are usually avoided during preparation of 
the core sample. 
 
The precision of density measurement is believed to be within 1% in our measuring system; 
even with a better estimation from error analyses, there are some other errors that are very 
difficult to estimate, for example, the absorption of water into a porous surface will affect the 
measurement of mass in water during taking readings of the mass in water. 
 
Concerning the porosity, the pore geometry displays three dimensional features. This volume 
accounts for a significant fraction of the pore bodies considered. One has seen that the pores 
are of the interconnected type with the planar feature reviewed in the previous chapter on 
thermal anisotropy analyses. However, virtually two-dimensional pore geometries exist, such 
as planar surfaces of negligible thickness. These are closer to discontinuities in a solid phase 
than pores in the commonly accepted sense, and they include fractures, cleavage planes, and 
grain boundaries, which are generally grouped under the term of cracks. It is estimated that 
0.5% fracture porosity is a very high value. 
 
With regard to porosity (20% to 0.7%) this can be accessed from a visual inspection of the 
rocks as shown in the following sections (Fig. 3.6). 
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CS52_3  φ=18.87%   JB29_3, φ=1.67% 
           Gypsum      Schist    
 
 
   
JB21_3 , φ=0.71%   JB9_2  φ=1.01% 
           Gneiss     Granodiorite  
 
Figure: 3.6 Example of specimen visual surface and its porosity  
 
For samples with bulk density less than 2.60⋅103 kg⋅m-3 our data (figure 3.7) shows that 
density decreases linearly with increase of porosity in the sedimentary rocks. For densities 
larger than this value, porosity is overlapped with multiple density values. 
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Figure: 3.7 Variation of porosity with bulk density 
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4 Magnetic properties 
 
4.1 Introduction 
 
One of the most significant magnetic properties of rocks is their initial magnetic 
susceptibility. The magnetic susceptibility is a measure of the ease of magnetizability of the 
material and has no units in the S.I system when expressed per unit volume. 
 
In practice this is normally controlled by a small group of iron-bearing minerals in the rocks. 
Some minerals are much more magnetic than others, and some rocks have more magnetic 
minerals than others. Magnetic susceptibility can help identify the type of rocks and the 
amount of iron-bearing minerals it contains. 
 
Rocks usually contain a small amount of ferromagnetic mineral grains present as more or less 
titaniferous iron oxides or iron sulphides dispersed throughout the matrix of paramagnetic or 
diamagnetic silicates or carbonates (Dunlop, and Özdemir, 1997, Nagata, 1961). 
Susceptibility mainly reflects the magnetite content of rocks. However, although it is the most 
common magnetic mineral, magnetite is an accessory mineral that is seldom considered by 
geologists, but a closer study of the magnetic susceptibility of rocks reveals its extreme 
complexity, reflecting the effects of geological processes (Henkel, 1976). 
 
In the laboratory, a number of instruments are available to measure the susceptibility of rock 
samples. Bartington Instruments MS2 system is used for the measurement of magnetic 
susceptibility. It consists of a meter and a sensor (Figure 4.1). 
 
A  B  
 
Figure 4.1: Bartington Instrument MS2, A- Magnetic susceptibility meter, B – sensor 
 
The MS2B dual frequency sensor accepts samples of cylindrical shape, 2.54 cm diameter drill 
cores, length ~ 2.5 cm. This is a laboratory sensor that has a facility for making measurements 
at two different frequencies (4.65 kHz and 0.465 kHz), applied field 80A/m RMS. This dual 
frequency facility allows the detection of very fine (~<0.03 µm) superparamagnetic 
ferrimagnetic minerals in soils and rocks.  
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4.2 Definition and units 
 
The observed magnetization of rocks is generally a combination of an induced magnetization 
Ji and a remanent one Jr.  
J = Ji + Jr ....................................................................................... (4.1) 
 
Where Ji=χ·H, χ = magnetic mass specific susceptibility. 
Magnetic susceptibility can be also defined by the ratio of the strength of the induced 
magnetization Mi  (magnetic dipole moment per unit volume) to the applied magnetic field Hi: 
Mi = κ Hi ....................................................................................... (4.2) 
 
where κ is the volume magnetic susceptibility. To convert mass specific susceptibility into 
volume susceptibility, there is a formula following: 
χ = κ / ρ ......................................................................................... (4.3) 
 
 In this study, it was the volume magnetic susceptibility of rock samples that was measured in 
the laboratory. 
 
In the SI system, volume magnetic susceptibility is a dimensionless ratio, because 
magnetization M and H have the same units Am-1 in the SI system of units, whilst mass 
specific magnetic susceptibility is in units of m3 ·kg-1. 
 
4.3 Magnetic properties of rocks 
 
The major magnetic properties of rocks are controlled by the presence of oxide minerals from 
the ternary system FeO (wüstite) - Fe2O3 (hematite, maghemite) - TiO2 (rutile). The strongest 
magnetic reactions are due to magnetite Fe3O4, titanomagnetite and maghemite γ−Fe2O3. 
Weaker reactions can be attributed to hematite α−Fe2O3 and to titanohematites.  Iron sulfides 
such as pyrrhotite FeS1+x (with 0<x<1) and greigite Fe3S4 may also contribute to some 
magnetic anomalies. 
 
Magnetite is the most important magnetic mineral. It occurs on the continents and in the 
ocean crust as a primary or secondary mineral in igneous, sedimentary, and low- and high-
grade metamorphic rocks. Magnetite (FeO.Fe2O3), in weak external field, the specific 
susceptibility χ lies in a 285-1232 µm3 kg-1 (Peters, 1995) whilst saturation magnetization 
intensity Js is about 480 kA·m-1, coercive force Hc= 560 - 2400 A/m, Curie point Tc= 575-580 
°C (Dunlop and Özdemir, 1997). 
 
Maghemite (γFe2O3) is the fully oxidized equivalent of magnetite. At room temperature the 
mass specific susceptibility χ is about 286-440 µm3·kg-1, magnetization 380 kA·m-1 , Curie 
point Tc=590-675°C. 
 
Titanomagnetites (Fe3-xTi x O4) can contain various amounts of TiO2, which results in large 
variation in magnetization. χ= 45.7-685 µm3·kg-1, Tc= room temperature to 585°C (Peters, 
1995). 
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Pyrrhotite (FeS1+x) is a common accessory mineral in igneous, metamorphic and sedimentary 
rocks, although it seldom dominates the remanence. χ= 5.7-67.5 µm3·kg-1, Js= 62 kA·m-1, Hc= 
1200 to 1600 A·m-1, Tc= 300 to 329 °C. 
 
The magnetic susceptibilities of minerals and rocks are given in the following Table 5.1 (after 
Dearing,1994) 
 
Table 4.1 Magnetic susceptibilities of minerals and rocks 
 
Mineral 
Mass specific 
susceptibility  
10-6 m3 kg-1   
Rock 
Mass specific 
susceptibility  
10-6 m3 kg-1 
Ferromagnetic    Igneous   
iron 276000  gabbro 0.082 
cobalt 204000  dolerite 14.738 
nickel 68850  basalt 8.556 
Ferrimagnetic    quartz syenite 0.445 
magnetite 390-1116  markfieldite 3.737 
maghemite 286-440  nepheline-melanite syenite 0.238-0.265 
titanomagnetite 169-290  horneblend diorite 7.175 
titanohaematite 281-315  andesite 0.463 
pyrrhotite 50-53  granite 0.026 
Antiferromagnetic    biotite granite 0.07 
haematite 1.19-1.69  microgranite 0.93 
goethite 0.35-0.70  phyolite 1.606 
Paramagnetic    aegirine-albite porhyry 0.469 
ilmenite 1.70  felsite porphyry 0.298 
olivine 0.01-1.30  pitchstone 0.117 
siderite 1.0  pegmatite 0.335 
biotite 0.05-0.95  conglomeratic tuff 0.117 
pyroxene 0.04-0.94  Metamorphic   
chamosite 0.9  lewisian gneiss 6.491 
nontronite 0.863  orthogneiss 0.144 
amphibole 0.16-0.69  schist 0.165 
epidote 0.25-0.31  slate 0.136 
pyrite 0.3  dolomitised limestone 0.019 
lepidocrocite 0.5-0.75  Sedimentary   
prochlorite 0.157  mudstone 0.108 
vermiculite 0.152  shale 0.03 
illite 0.15  silstone 0.045 
bentonite 0.058  red sandstone 0.009 
smectite 0.027-0.05  coarse grained arkose 0.037 
chalcopyrite 0.03  eriboll quartzite 0.007 
attapulgite 0.02  brodick breccia 0.029 
dolomite 0.011  Divers   
Diamagnetic    water -0.009 
calcite -0.0048  plastic -0.005 
alkali-feldspar -0.005  halite -0.009 
quartz -0.0058  kaolinite -0.019 
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4.4 Measurements 
 
For the Bartington Instrument MS2B susceptibility measurement, the sample is prepared with 
a diameter 2.54 cm, length 2.5 cm. 
 
The instrument systematic error is controlled with paramagnetic salts as a calibration. The 
manufacture gives instrument calibration accuracy to be 1% and the resolution of magnetic 
susceptibility is 2 ×10 -6 SI, each magnetic susceptibility measuring result of one rock sample 
is the mean of 5 times of single measurement. 
 
In Table 4.2, the rock type and mean magnetic susceptibility for 89 rock samples are given, 
both at high (HF) and low (LF) frequency and their difference are expressed as a percentage: 
κfd% = 100×(κlf - κhf) /κ lf . 
 
The measured magnetic susceptibilities are shown in Figure 4.2 on a logarithmic scale. 
Serpentinites have very strong magnetic properties with κ from 0.002 to 0.08 SI, due to 
minerals containing Fe or Fe-Ti oxides. They are more ferro- and ferrimagnetic, whilst the 
other paramagnetic rocks have κ from 10 to 1000 ×10-6 SI. 
 
1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01
Magnetic susceptibility (SI)
Conglomerate(3)
Sandstone(1)
Siltstone(1)
Limestone(15)
Radiolarite(1)
Dolomite(1)
Gypsum(1)
Quartzite(4)
Schist(6)
Marble(6)
Breccia(2)
Gneiss(9)
Kinzigite(1)
Pegmatite(1)
Monzonite(1)
Amphibolite(2)
Metagabbro(1)
Diorite(3)
Serpentinite(5)
 
 
Figure 4.2 Volume magnetic susceptibility of Alpine rocks 
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Table 4.2 Rock type and magnetic susceptibility 
 
ROCK LF SD HF SD κfd  % Code 
Amphibolite 7.72E-04 3.17E-06 7.67E-04 0.00E+00 0.65 JB20 
Amphibolite 5.49E-04 3.89E-06 5.42E-04 3.89E-06 1.28 JB30 
Breccia 1.96E-04 3.95E-06 1.91E-04 4.84E-06 2.55 JB23 
Breccia, dolomitic  2.58E-05 3.71E-06 2.43E-05 6.01E-07 5.89 TM02 
Breccia, dolomitic micro- -3.54E-06 6.25E-07 -3.69E-06 5.54E-07 -4.24 CS73 
Breccia, dolomitic micro- 6.97E-05 4.44E-06 6.48E-05 1.83E-07 7.03 CS79 
Conglomerate 8.56E-05 4.51E-06 8.07E-05 3.68E-06 5.72 CS59 
Conglomerate 1.83E-05 3.69E-07 1.72E-05 6.01E-07 6.01 CS64 
Conglomerate, meta- 1.68E-04 0.00E+00 1.66E-04 7.12E-07 1.19 JB35 
Diorite 2.72E-03 3.35E-07 2.68E-03 3.89E-07 1.47 JB07 
Diorite, grano- 3.29E-04 4.16E-07 3.28E-04 3.39E-07 0.30 JB08 
Diorite, grano- 4.34E-04 2.44E-06 4.32E-04 2.44E-06 0.46 JB09 
Dolomite -1.18E-05 4.04E-06 -1.19E-05 2.13E-06 -0.85 JB16 
Dolomite 1.74E-05 0.00E+00 1.59E-05 6.58E-06 8.62 TM25 
Gabbro, meta- 6.40E-04 4.76E-06 6.14E-04 4.76E-06 4.06 TM21 
Gneiss 2.05E-04 2.02E-06 2.05E-04 3.95E-07 0.20 JB01 
Gneiss 4.50E-04 6.09E-07 4.49E-04 4.72E-07 0.22 JB06 
Gneiss 1.38E-04 4.84E-06 1.36E-04 4.84E-06 1.45 JB26 
Gneiss 1.51E-04 3.19E-06 1.45E-04 3.90E-06 3.97 JB34 
Gneiss, augen- 6.24E-05 4.07E-06 6.09E-05 3.32E-06 2.40 JB21 
Gneiss, granitic 1.31E-03 4.84E-07 1.30E-03 4.03E-06 0.76 JB02 
Gneiss, granitic 9.44E-05 4.10E-06 8.69E-05 4.10E-06 7.94 JB36 
Gneiss, ortho-, mylonitic  6.68E-04 4.78E-06 6.66E-04 4.78E-06 0.30 TM23 
Gneiss,monzonitic 2.41E-04 4.08E-06 2.35E-04 4.08E-06 2.49 JB18 
Gypsum -1.78E-05 4.42E-06 -1.68E-05 5.42E-06 5.62 TM37 
Gypsum, banded  7.07E-06 0.00E+00 6.72E-06 4.16E-07 4.95 CS52 
Kinzigite 6.11E-04 4.00E-06 6.10E-04 4.00E-06 0.16 JB14 
Limestone -7.26E-06 4.74E-07 -7.37E-06 -7.02E-06 -1.52 CS55 
Limestone 2.57E-04 3.79E-07 2.36E-04 8.17E-06 8.17 CS69 
Limestone 1.54E-04 4.21E-07 1.48E-04 3.89E-06 3.90 JB19 
Limestone 8.63E-05 3.27E-06 8.48E-05 4.00E-06 1.74 JB33 
Limestone, bioclastic 1.59E-05 3.95E-06 1.52E-05 4.84E-06 4.40 TM27 
Limestone, bioclastic siliceous 8.55E-06 3.51E-07 8.25E-06 3.82E-08 3.51 TM26 
Limestone, biodetritic 1.88E-04 3.86E-06 1.83E-04 3.86E-06 2.66 CS68 
Limestone, biodetritic  -4.10E-06 5.80E-07 -4.36E-06 -6.34E-06 -6.34 CS53 
Limestone, biodetritic  -1.07E-05 4.30E-07 -1.12E-05 4.67E-07 -4.67 CS61 
Limestone, calcarenitic  3.24E-05 4.50E-07 3.17E-05 2.16E-06 2.16 CS82 
Limestone, cherty pelagic 3.01E-05 3.94E-07 2.85E-05 5.32E-06 5.32 CS74 
Limestone, dolomitic  4.06E-05 3.69E-07 3.98E-05 1.97E-07 1.97 CS71 
Limestone, marble 2.88E-05 7.25E-07 2.69E-05 6.44E-06 6.60 JB32 
Limestone, marly 5.70E-06 3.75E-07 5.35E-06 6.14E-07 6.14 CS66 
Limestone, marly 1.78E-05 3.94E-07 1.71E-05 3.93E-07 3.93 CS77 
Limestone, marly 3.05E-05 3.26E-07 2.86E-05 6.22E-06 6.23 CS81 
Limestone, micritic 3.96E-06 3.69E-07 3.81E-06 3.79E-07 3.79 CS62 
Limestone, micritic  -4.93E-07 4.50E-07 -4.79E-07 5.93E-07 2.84 CS78 
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Table 4.2 Rock type and magnetic susceptibility 
 
ROCK LF SD HF SD κfd  % Code 
Limestone, siliceous  2.78E-04 0.00E+00 2.70E-04 0.00E+00 2.88 CS58 
Limestone, sub-lithographic -9.37E-06 4.93E-07 -8.97E-06 5.54E-07 4.27 CS86 
Marble 1.58E-05 8.57E-07 1.48E-05 6.33E-07 6.33 CS65 
Marble -1.34E-06 3.33E-07 -1.44E-06 7.27E-07 -7.46 JB03 
Marble 4.49E-07 9.02E-07 4.48E-07 2.09E-07 0.22 JB10 
Marble 8.92E-06 6.39E-07 8.77E-06 4.28E-07 1.65 TM29 
Marble, banded 4.82E-07 4.40E-07 4.52E-07 4.28E-07 6.22 JB04 
Marble, dolomitic 1.96E-06 4.13E-07 1.81E-06 7.65E-07 7.65 JB27 
Marble, micaceous 2.63E-05 1.06E-06 2.28E-05 4.81E-06 13.31 TM17 
Monzonite 1.75E-04 4.07E-06 1.72E-04 3.32E-06 1.71 JB15 
Pegmatite 8.82E-05 3.87E-06 8.65E-05 9.31E-06 1.93 TM13 
Quartzite 1.33E-05 5.15E-07 1.26E-05 8.75E-07 5.08 JB28 
Quartzite 8.13E-06 4.21E-06 8.09E-06 4.72E-06 0.49 TM06 
Quartzite, pebbly 1.08E-04 3.18E-06 1.04E-04 3.89E-06 3.70 JB31 
Quartzite, pebbly  1.41E-05 4.81E-06 1.34E-05 9.60E-06 4.89 TM05 
Radiolarite 8.79E-05 3.64E-06 8.14E-05 3.68E-06 7.39 CS75 
Sandstone 2.95E-04 3.85E-06 2.93E-04 0.00E+00 0.68 CS56 
Sandstone 8.40E-05 4.79E-06 7.87E-05 4.96E-07 6.31 CS67 
Sandstone 9.23E-05 3.98E-07 8.52E-05 7.69E-07 7.69 CS70 
Sandstone 8.31E-05 4.74E-06 8.14E-05 4.74E-06 2.05 CS72 
Sandstone, marly 6.15E-04 0.00E+00 6.07E-04 4.36E-06 1.30 CS80 
Sandstone, micaceous  1.38E-04 4.60E-06 1.34E-04 0.00E+00 2.90 TM03 
Sandstone, quartz-calcite  5.17E-05 6.09E-06 4.95E-05 4.72E-06 4.26 TM01 
Sandstone, red  5.91E-04 0.00E+00 5.89E-04 3.89E-06 0.34 CS54 
Sandstone, red  1.06E-04 3.90E-06 1.05E-04 0.00E+00 0.94 CS60 
Schist, green- 5.79E-04 3.85E-06 5.73E-04 4.72E-06 1.04 TM20 
Schist, Mica-, albitic 3.20E-04 3.95E-06 3.17E-04 3.95E-06 0.94 TM10 
Schist,calc- 2.35E-04 4.09E-06 2.24E-04 0.00E+00 4.68 JB24 
Schist,calc- 1.38E-03 3.37E-06 1.34E-03 4.12E-06 2.90 JB25 
Schist,calc- 3.27E-04 3.95E-07 3.16E-04 3.99E-07 3.36 JB29 
Schist,quartz- 2.09E-04 4.68E-06 2.03E-04 3.82E-06 2.87 TM08 
Serpentinite 3.33E-02 4.12E-06 3.25E-02 3.36E-06 2.40 JB11 
Serpentinite 5.76E-02 4.70E-06 5.58E-02 3.84E-06 3.12 JB12 
Serpentinite 2.95E-02 0.00E+00 2.93E-02 4.13E-06 0.68 JB13 
Serpentinite 3.98E-03 4.07E-06 3.91E-03 3.32E-06 1.76 JB22 
Serpentinite 6.89E-02 0.00E+00 6.83E-02 3.90E-06 0.87 TM22 
Siltstone 4.51E-04 4.70E-07 4.50E-04 2.22E-07 0.22 CS57 
 
Chapter 4: Magnetic properties 
68 
Some sedimentary rocks have very weak negative magnetic susceptibilities ranging from -1 to 
-20 ×10-6SI. These are diamagnetic and the results are shown in Figure 4.3 (Limestone, 
brceccia and more sedimentary rocks could be either dia- or paramagnetic, depends on their 
composition). 
 
 
 
Figure 4.3: Magnetic susceptibility of diamagnetic Alpine rocks 
 
Most sedimentary rocks are relatively weakly magnetic with average susceptibilities in the 
range 5×10-6 to 1×10-3 SI of groups of measurements. Igneous rocks are much more magnetic 
than sedimentary rocks, ranging in susceptibility from about 1×10-3 to 3×10-2 SI. Many 
individual values fall far outside both the low and the high side of these averages for both 
rock types. Metamorphic rocks show susceptibility values between the igneous rocks and 
sedimentary rocks. 
 
4.5 Factors influencing the susceptibility of rocks 
 
Petersen and Bleil (1982) note that the magnetic susceptibility of common rocks is roughly 
proportional to their content of magnetite. Of the other magnetic minerals only pyrrhotite 
contributes in a significant way to the magnetic susceptibility in certain metamorphic rocks 
and hydrothermal deposits. With higher magnetite concentrations magnetostatic interaction of 
magnetite grains causes rock susceptibility to increase more than linearly with increasing 
concentration.  
 
Henkel (1976) in a susceptibility and density study of more than 30,000 specimens from the 
Precambrian shield of Northern Sweden has shown that the magnetite content of rocks is 
almost exclusively responsible for rock magnetism and induced magnetism. 
 
Kukonnen and Peltoniemi (1998) measured the susceptibility of 2587 samples from the 
Finnish Precambrian bedrock and found that magnetic susceptibility is dependent on the 
content of ferrimagnetic minerals which are usually accessory minerals in rocks. However, in 
paramagnetic rocks the susceptibility is mainly influenced by the relative proportions of the 
main rock forming minerals which are either paramagnetic or diamagnetic.  
 
4.6 Conclusion 
 
Unlike density magnetic susceptibility has a very wide range of values for the individual rock 
types but with more or less distinct tendencies and the following conclusions ca be drawn. 
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3. The susceptibility for all rocks varies over a wide range of magnitude encompassing 5 
orders of magnitude from 10-1 to 104 ×10-6SI. The minimum value of susceptibility was 
observed in a limestone, the maximum in a serpentinite (ultrabasic rock). 
 
4. The magnetic susceptibility of rocks increases going from acidic to basic rocks. In general, 
susceptibility depends on magnetic mineral content in the rock rather than being closely 
related to other rock physical properties. Thus, it is not possible to predict magnetic 
susceptibility from the lithologic rock type. However, in our study, magnetic susceptibility 
shows to some degree a correlation with bulk density. When bulk density increases, 
magnetic susceptibility was seen to increase in limestone, gneiss and quartzite (Figure 4.4). 
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Figure 4.4: Magnetic susceptibility increasing with bulk density in the rocks: studied gneiss, 
limestone and quartzite 
 
5. Discussion 
 
The difference between the susceptibilities at two different frequencies is an indicator of the 
percentage of magnetic grains near the superparamagnetic/single domain boundary. To be 
superparamagnetic, a grain of magnetite has a diameter less than 0.03 µm at room 
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temperature. This is a special phenomenon concerning remanent magnetization attenuated 
gradually when external field is removed. A large difference of percentage indicates that a 
greater fraction of grains lies in the superparamagnetic size range (Worm, 1998). 
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5 Seismic P-Wave velocity 
 
The importance of seismic velocity measurements is because it is one of the few experimental 
properties that is measurable at depth within the earth. Laboratory measurements of wave 
velocity as a function of both pressure and temperature have been carried out since 1960s. 
Such velocity data are important in seismic modelling of the crust and of the upper mantle. 
 
The seismic method based on controlled source earthquake is also one of the most powerful 
tools of geophysical surveys in search for oil, water, and heat sources. Approximately 90% of 
the worldwide investment in geophysics goes into seismic exploration (Dohr, 1974). Seismic 
velocity is the main parameter for the interpretation of the existence of oil and gas in porous 
rock reservoirs. It also provides an aid to the understanding and interpreting of geophysical 
data. 
 
Uncontrolled source earthquakes also generate seismic waves that travel through the crust and 
the earth’s interior to provide information on their structural and lithological characteristics. 
The velocity distribution model is the fundamental basis for earthquake localization and 
earthquake mechanism study. The travel time of certain body-wave types and the curvature of 
travel time curves depend on the velocity distribution along the propagation path through the 
earth’s interior. 
 
The evolution of the ratio Vp/Vs of seismic wave velocities with time has been proposed as a 
precursor for earthquake predictor based on both experiments and observation. The variation 
of Vp/Vs with time may represent changes in a stressed medium linked to the evolution of 
cracks. Nur (1972) and Scholz et al. (1973) suggested that just before certain large 
earthquakes the ratio of seismic velocities Vp/Vs becomes anomalously low. 
 
5.1 Basic theory 
 
Crustal rocks are considered as elastic solids with respect to the propagation of seismic waves. 
Elasticity theory is the basis for the description of the propagation of seismic waves. Velocity 
of seismic P and S waves (Vp and Vs) can be expressed in terms of the rock elastic constants 
that is basically written from Hook’s law for the relationship between stress and strain, 
σ εij ijkl klC= ............................................................................................. (5.1) 
where σij and εkl are stress and strain respectively of a tensor of rank 2. Cijkl is a stiffness rank 
four tensor with in general 81 elements for elastic media. For practical purposes, it is 
represented by an equivalent symmetrical 6×6 matrix with 21 independent components. 
Assuming that the crystalline axes are distributed randomly and the rock can be treated to 
some degree as an isotropic elastic medium, there are only two independent elastic constants. 
For example by using the Lamé constants λ and µ, the velocity is determined by:  
 
ρµλ /)2( p +=V .................................................................................... (5.2) 
ρµ /=Vs  ...........................................................................................   (5.3) 
where ρ is the rock density. 
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Since seismic wave velocity is dependent on the elastic properties and on the rock density, its 
laboratory study has a very important place in the geosciences. In particularly, laboratory 
measurement has the advantage of being able to study typical rocks from a given area. One 
can also carry out these measurements under different conditions such as pressure, 
temperature, in a dry state or in the presence of a fluid. However, further experiments are 
needed under different stress fields that are close to real geological conditions. For example 
under tri-axial stress conditions seismic velocity has been measured in the laboratory (Kern, et 
al. 1998, Gao, et al., 2000, Gao, et al., 2001, Schubnel, et al., 2003, Nishimoto, 2005). 
 
5.1.1 Elastic property constants and velocities Vp, Vs 
 
In an ideal isotropic and homogeneous material, elastic constants can be determined from the 
velocities Vp and Vs. Elastic constants include elastic moduli (Young’s modulus E, shear 
modulus µ, bulk moduli K), Lamé’s constant λ and Poisson’s ratio σ. The relationship 
between elastic constants and velocities are given by following equations: 
 
E
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ρ 2 2 2
2 2
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Some experimental values of elastic parameters at atmospheric pressure are given in table 5.1 
(after Angenheister,1982). 
 
Table 5.1 Elastic moduli of some rocks 
 
 K µ E σ   
Westerley granite 19.8 18.8 43 0.14 
Basalt 59.6 31.9 81.2 0.27 
Limestone 53.2 25.4 65.8 0.29 
Sandstone 0.52 0.54 12 0.11 
 
( in GPa for K, µ and E, dimensionless for σ) 
 
Vp is always greater than Vs, and for a Poisson medium (λ=µ ), σ=0.25, Vp and Vs have the 
relation Vp = 3  Vs. 
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5.1.2 Construction of a seismic velocities model 
 
For earthquake hypo- and epicenter location and for establishing a seismic wave travel-time 
table it is often necessary to construct a model of the variation of velocity with depth. 
Laboratory investigation can reveal how seismic wave properties are influenced by physical 
processes (pressure and temperature) and by lithologic (chemical and mineralogical 
composition, single crystal properties, micro-structural and textural characteristics) 
parameters. In some deep seismic profiles and superdeep drilling projects, seismic reflection 
interpretation was constrained by laboratory measurement (Barruol et al.1992, Gao et al., 
2000).  
 
5.2 Definition and Units 
 
Seismic wave velocity V in laboratory measurements is defined as the distance travelled by an 
elastic wave in unit time. In fact, V is a mean velocity when considering that the wave travels 
through a rock sample of length l within a time t. 
 
V = l / t 
 
In SI units the velocity is in m·s-1, but for practical reasons one uses km·s-1 
 
5.3 Measurement method 
 
Most literature data on elastic wave velocities on single crystals have been determined 
experimentally by dynamic methods using high-frequency vibrations. The pulse-transmission 
technique is widely used (Birch 1960, Anderson and Liebermann 1966) for rock specimens 
and is sometimes called the “Birch method”.  
 
Anderson and Liebermann (1968) and Bourie (1989) have reviewed laboratory methods for 
seismic velocity measurement and these methods fall into 3 categories. 
 
• Resonance ⎯ Based on a standing-wave phenomenon, a specimen is induced to vibrate at 
its natural resonance frequencies. This method is suitable for measuring small-sized 
crystals.   
• Pulse transmission ⎯ Based on the creation of a short train of high-frequency vibrations 
and the measurement of the travel time through the specimen. 
• Ultrasonic interferometry ⎯ Internal reflections of the wave train are made to interfere, so 
that a null, or pseudo-resonance can be achieved by suitably controlling the wave length of 
the imposed pulse.  
 
The simplest and most direct method of obtaining the wave velocity of a rock specimen is to 
measure the transit time required for a wave to travel through a sample of known length. 
Birch (1960, 1961) was a pioneer in measuring compressional wave velocities with the pulse 
transmission method for a series of rock samples at pressures up to 1Gpa. Since then it has 
been developed and used world-wide (for instance, Simmons, 1964, Christensen, 1966, Kern 
1982, 1990, 1997). In this method, the essential elements are a pulse generator, an 
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oscilloscope, an accurate time base and transducers. The transducers are made from 
piezoelectric materials and serve to convert electrical signals into acoustic pulses at one end 
of the sample and to convert the acoustic pulse to an electrical signal at the other end. The 
travel time through a given length of a sample is then measured as the time delay between the 
transmission and the reception of the signal. In our laboratory, the P-wave velocity 
experimental equipment has been developed since 1990. Several studies have been carried out 
(Barblan 1990, Sellami et al., 1994, Gong, et al., 1997) on seismic velocities and seismic 
velocity anisotropy at different confining pressures. 
5.3.1 Measurement System 
 
P-wave velocities of dry samples, as in similar routine studies by other authors, were 
measured from atmospheric pressure up to a confining pressure of 400 MPa in steps of 20 
MPa. The measurement system, shown in Figure 5.1, consists of a pulse generator, 
transducers, a digital oscilloscope, compressor system, a pressure vessel and data acquisition 
system (PC computer and software). 
 
Pulse Generator
200V, 1 kHz
Pressure Vessel
Data Acquisition
Velocity
Pressure
Compressor
System
up to 400 MPa
Digital
Oscilloscope
transit time
Sample
 
 
Figure 5.1:.Velocity measurement system (after Sellami et al. 1990) 
 
A high voltage signal pulse generator, HP 214 pulse Generator, supplies a 200 volt, 1 kHz  
pulse to the source transducer that is in close contact with the rock sample, the sample is 
placed between the source and receiving transducers. The source transducer excites a pulse 
signal propagating through the specimen and the receiving transducer detects the signal on the 
opposing face of the specimen. The time delay of P-wave through a rock specimen is 
displayed on an oscilloscope and compared with reference signal obtained directly from the 
pulse generator. The digital waveform can be recorded by a PC computer and later used for Q 
factor calculation. The waveform train includes 1008 sampling points, sampling rate is 0.02 
µs, maximum time length is 0.02×1008=20.16 µs. 
 
5.3.2 Sample preparation 
 
The rock specimen’s end surfaces are covered with silicone grease so that transducers are in 
good contact with the rock sample. The thermal retractable plastic sleeve covers the whole 
rock sample and part of the two stainless steel transducer heads. An auxiliary sample fixer can 
hold rock sample and transducers together along the axial direction of sample and transducers. 
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An electrical blower then blows hot air on to the retractable plastic sleeve so that it makes 
good contact. It is necessary to wait around 30 minutes for the sleeve and rock sample to cool 
down to room temperature. Fine copper wires tie the plastic tube tightly on to the stainless 
steel head. The sample with transducers (in Figure 5.2) is then placed in the pressure vessel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Cross section showing rock sample and transducers (after Sellami 1994) 
 
 
 
Photo 5.1: Sample preparation 
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5.3.3 Pressure system 
 
The pressure generator consists of two stages. At the first stage an air pump generates 
compressed air at pressures up to 1 MPa. Through a manual control valve the pressure of 
compressed air is transmitted to the second intensifier in which silicone oil is used as 
hydraulic fluid and transforms the low air pressure into high oil pressure by the principle of 
piston force transmission. The measurement begins at atmospheric pressure, (noted as 0 MPa, 
in fact it should be about 0.1 MPa). Incremental pressure steps are of 20 MPa and terminated 
at a maximum pressure of 400 MPa. The pressure vessel is designed for a maximum pressure 
of 600 MPa. 
 
The values of confining pressure are taken from readings on a pressure gauge at the front 
control panel. At low pressures, when oil is compressed into the pressure vessel, fluid 
pressure can be stabilized in a short time. At higher pressure above 200 MPa, once oil is 
injected into the vessel, the pressure needs several 10s of seconds to be stabilized, then the 
movement of the wave train appears on oscilloscope screen. The pressure value has an 
absolute error of 2.5 MPa. 
 
5.3.4 Error analysis 
 
Precision of the time measurements depends on the time base and the sharpness of the first 
arrival of the transmitted pulse. In the most cases, and the time base is 0.02 µs, the uncertainty 
in the first time onset is 0.02 µs. 
 
Initial reference measurements are taken with the transducers coupled to each other without a 
sample in a head-to-head configuration. Travel times measured from the reference signals are 
then compared with measured travel times for estimating sample velocities or are used as a 
reference signal for later frequency domain computations. To pick up the first arrival time it 
was found in practice that the first zero-crossing times were easier to pick accurately, 
especially in the presence of noise. 
 
5.3.4.1 Absolute error 
 
To analyze the absolute errors in the measurement, it should be considered that the velocities 
are computed by using the travel times of the transmitted ultrasonic pulse. Velocities can be 
calculated by using the expression: 
 
V
L
T Tm r
= − ............................................................................................. (5.4) 
where L is the sample length, Tm is the measured travel time through the sample, and Tr is a 
reference travel time in the head-to-head configuration. Expanding in terms of partial 
derivatives gives an expression that can be used for the error analysis, 
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where ∆Tm and ∆Tr are the errors in reading the travel time of Tm and Tr with order 2×10-8 s 
and ∆L is the magnitude of the error in the sample length measurement on the order 2×10-5 m. 
A maximum absolute error in the velocity estimation is evaluated in equation (4.5) 
 
22 )()( rm
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rm
m
rm TT
TL
TT
T
L
TT
LV −
∆⋅+−
∆⋅+−
∆=∆ ................................. (5.5) 
 
where  
∆T =∆Tm = ∆Tr = 2×10-8 s,  
∆L= 2×10-5 m,  
L= 5×10-2m, (sample length) 
Tr= 1.47×10-6 s (corresponding transducer configuration)  
Tm= 15×10-6 s, (Tm is estimated in most cases)  
 
then ∆V= 1.5+ 10.9=12.4 (m·s-1).  
From (4.5), the absolute error of measuring the velocity depends on Tm linked to the 
properties of the wave velocity, ∆V increases with decreasing wave travel time. 
 
5.3.4.2 Relative error 
 
The relative error illustrates better the error according to the velocity in the medium, 
 
∆V/V = ∆L/L + 2 ∆t/(Tm-Tr) .................................................................... (5.6) 
 
Where ∆L/L=0.04% is a relative error of length measurement, but the second term in (4.6) 
represents the main source of error for velocity measurement (refer to Fig. 4.3) in a reciprocal 
function. The maximum velocity in our samples is 7.76 km⋅s-1 and the minimum Tm =7.90 µs. 
The relative velocity error is less than 0.8% from eq. (5.6).  
 
During increasing pressure, the rock sample is subject to a compression and become 
shortened, this dimensional change will cause a small part of errors at low pressure, the 
maximum errors at 400 MPa and within 0.4% (Sellami 1994). The maximum errors occur at 
the highest pressure and are estimated to be within 1.2%. 
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Figure 5.3: Variation of error with measuring time. 
(Velocity measuring error systematically links to time of seismic travel through specimen.) 
 
5.4 Velocity data analysis 
 
Velocity measurements have been carried out on rock samples representing different 
geological units in Switzerland (Appendix I); the lithological descriptions and thin sections 
analyses are given in Table 1.2. 
 
5.4.1 Measurements 
 
Seismic velocity measurements under a confining pressure are given in the Table 5.2 (velocity 
in km⋅s-1 and pressure in MPa). 
 
• For a few samples the initial velocity at atmospheric pressure is not available, because 
of poor contact of the sample’s end surfaces with the transducers’ faces such that 
during the measurement the first motion of the pulse signal could not be observed. 
This happened for the samples of conglomerate, gypsum, sandstone, strongly 
weathering gneiss and some of the limestones. 
 
• In the experiments, velocity was measured from atmospheric pressure to a confining 
pressure of 400 MPa.  
 
 
• Samples with code CS are all sedimentary rocks except CS65 (a marble), only one 
sample in the direction 1 is measured in group of code CS samples. 
 
• The other rock samples were measured separately in three orthogonal directions and 
the velocity anisotropy properties are given in the latter part of this chapter. 
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An aluminum specimen serves as a calibration standard having the same shape as a standard 
rock sample (cylinder with diameter 2.5 cm and length 5 cm). Its initial velocity is about 6.3 
km·s-1 and is not sensitive to increasing pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Aluminum calibrating measurement  
 
Velocity calibration can eliminate systemic measuring errors and so improve the comparison 
of the measured velocity data. One has to re-calibrate the routine measuring system after a 
period of not making a measurement.  
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Table 5.2 Seismic P-wave velocities under confining pressures 
 
Rock 0MPa 20MPa 40MPa 60MPa 80MPa 100MPa 120Mpa 140MPa 200MPa 300MPa 400MPa Sample
Amphibolite 4.91 5.52 5.76 5.90 6.02 6.08 6.14 6.19 6.26 6.34 6.39 JB20_1
Amphibolite 5.86 6.12 6.25 6.35 6.43 6.48 6.51 6.56 6.67 6.78 6.83 JB20_2
Amphibolite 6.18 6.33 6.46 6.55 6.62 6.67 6.72 6.76 6.87 6.97 7.00 JB20_3
Amphibolite 4.09 4.83 5.39 5.70 5.89 6.01 6.14 6.22 6.37 6.49 6.54 JB30_1
Amphibolite 4.38 5.06 5.51 5.77 6.05 6.20 6.29 6.38 6.58 6.72 6.78 JB30_2
Amphibolite 4.86 5.40 5.73 5.99 6.16 6.27 6.39 6.48 6.64 6.77 6.82 JB30_3
Breccia 4.95 5.71 5.87 5.94 6.01 6.06 6.09 6.12 6.16 6.21 6.24 CS73_1
Breccia 5.03 5.26 5.43 5.57 5.65 5.71 5.77 5.82 5.95 6.06 6.14 CS79_1
Breccia _ 5.14 5.46 5.63 5.73 5.80 5.87 5.92 5.98 6.05 6.13 JB23_1
Breccia 4.92 5.57 5.84 5.97 6.04 6.10 6.16 6.19 6.25 6.33 6.40 JB23_2
Breccia 6.26 6.49 6.65 6.74 6.79 6.81 6.83 6.85 6.87 6.91 6.96 JB23_3
Breccia 4.62 5.18 5.43 5.58 5.69 5.79 5.90 5.96 6.10 6.29 6.37 TM02_1
Breccia 5.71 5.99 6.09 6.13 6.19 6.24 6.32 6.37 6.48 6.62 6.69 TM02_2
Breccia 6.07 6.19 6.25 6.30 6.33 6.36 6.38 6.39 6.44 6.48 6.51 TM02_3
Conglomerate _ 4.60 5.02 5.27 5.45 5.55 5.62 5.66 5.77 5.88 5.93 CS59_1
Conglomerate 5.11 5.58 5.72 5.85 5.90 5.94 6.00 6.04 6.13 6.23 6.30 CS64_1
Conglomerate _ 4.12 4.71 5.05 5.28 5.42 5.56 5.66 5.83 6.00 6.07 JB35_1
Conglomerate 3.09 4.36 4.95 5.32 5.49 5.65 5.74 5.82 5.98 6.10 6.15 JB35_2
Conglomerate 3.69 4.70 5.12 5.41 5.60 5.72 5.84 5.90 6.06 6.15 6.21 JB35_3
Diorite 4.54 5.33 5.67 5.85 5.96 6.02 6.08 6.11 6.18 6.26 6.34 JB07_1
Diorite 4.46 5.26 5.61 5.85 5.97 6.03 6.09 6.13 6.19 6.27 6.34 JB07_2
Diorite 4.48 5.20 5.59 5.81 5.98 6.08 6.12 6.15 6.21 6.29 6.36 JB07_3
Diorite _ 4.05 4.78 5.30 5.52 5.72 5.83 5.91 6.02 6.14 6.22 JB08_1
Diorite _ 4.85 5.43 5.72 5.93 6.05 6.12 6.18 6.30 6.38 6.43 JB08_2
Diorite 3.49 4.73 5.43 5.68 5.95 6.08 6.18 6.25 6.37 6.49 6.52 JB08_3
Diorite _ 4.09 4.66 5.03 5.27 5.45 5.59 5.69 5.91 6.06 6.12 JB09_1
Diorite 3.34 4.60 5.09 5.39 5.58 5.71 5.82 5.91 6.06 6.19 6.26 JB09_2
Diorite 3.61 4.74 5.22 5.46 5.65 5.77 5.86 5.95 6.06 6.20 6.26 JB09_3
Dolomite 5.58 6.21 6.49 6.61 6.74 6.79 6.85 6.91 6.98 7.06 7.10 JB16_1
Dolomite 5.65 6.08 6.35 6.56 6.67 6.76 6.81 6.87 6.96 7.06 7.12 JB16_2
Dolomite 6.02 6.43 6.61 6.76 6.84 6.88 6.93 6.95 7.02 7.11 7.16 JB16_3
Dolomite 5.48 5.75 5.94 6.07 6.16 6.23 6.31 6.37 6.54 6.72 6.79 TM25_1
Dolomite _ 5.67 5.88 6.02 6.12 6.23 6.31 6.37 6.55 6.71 6.82 TM25_2
Dolomite _ 5.72 5.90 6.04 6.16 6.28 6.36 6.43 6.58 6.74 6.83 TM25_3
Gneiss 3.34 4.35 4.69 4.93 5.02 5.11 5.19 5.26 5.42 5.56 5.62 JB01_1
Gneiss 3.80 4.45 4.80 5.05 5.25 5.36 5.47 5.57 5.77 5.91 5.98 JB01_2
Gneiss 3.73 4.49 4.89 5.11 5.31 5.42 5.50 5.62 5.78 5.91 5.98 JB01_3
Gneiss _ 4.02 4.56 4.90 5.18 5.37 5.50 5.61 5.77 5.93 5.99 JB02_1
Gneiss 3.46 4.25 4.80 5.21 5.45 5.63 5.80 5.89 6.08 6.20 6.23 JB02_2
Gneiss 3.69 4.55 5.18 5.49 5.74 5.87 5.97 6.01 6.10 6.19 6.23 JB02_3
Gneiss _ _ _ 3.78 4.04 4.07 4.09 4.13 4.40 _ _ JB06_1
Gneiss 5.65 5.99 6.02 6.05 6.08 6.09 6.11 6.11 6.15 6.22 6.28 JB06_2
Gneiss 5.93 6.06 6.10 6.14 6.17 6.20 6.24 6.25 6.30 6.36 6.39 JB06_3
Gneiss 4.36 4.80 5.17 5.37 5.56 5.64 5.72 5.79 5.91 5.99 6.04 JB18_1
Gneiss 4.11 4.73 5.11 5.34 5.55 5.67 5.75 5.83 5.95 6.04 6.10 JB18_2
Gneiss 4.55 4.96 5.22 5.43 5.60 5.71 5.80 5.87 6.01 6.13 6.20 JB18_3
Gneiss _ 4.25 4.78 5.07 5.24 5.35 5.45 5.53 5.66 5.80 5.85 JB21_1
Gneiss 4.02 4.85 5.25 5.46 5.69 5.77 5.85 5.90 6.03 6.12 6.18 JB21_2
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Table 5.2 Seismic P-wave velocities under confining pressures 
 
Rock 0MPa 20MPa 40MPa 60MPa 80MPa 100MPa 120Mpa 140MPa 200MPa 300MPa 400MPa Sample
Gneiss 4.29 5.03 5.37 5.61 5.74 5.82 5.89 5.94 6.04 6.13 6.16 JB21_3
Gneiss _ 4.27 4.92 5.18 5.33 5.41 5.46 5.52 5.61 5.68 5.76 JB26_1
Gneiss 4.16 4.96 5.37 5.53 5.64 5.68 5.73 5.78 5.87 5.96 6.03 JB26_2
Gneiss 4.66 5.21 5.61 5.81 5.89 5.96 6.01 6.04 6.10 6.18 6.22 JB26_3
Gneiss _ 4.54 4.94 5.18 5.34 5.44 5.53 5.59 5.73 5.84 5.91 JB34_1
Gneiss 4.60 5.15 5.44 5.60 5.72 5.80 5.87 5.91 6.02 6.11 6.15 JB34_2
Gneiss 4.90 5.43 5.67 5.84 5.94 6.02 6.06 6.09 6.17 6.26 6.31 JB34_3
Gneiss _ 4.20 4.82 5.20 5.44 5.60 5.68 5.77 5.90 6.01 6.07 JB36_1
Gneiss _ 4.48 5.03 5.42 5.64 5.74 5.85 5.91 6.00 6.12 6.17 JB36_2
Gneiss _ 4.72 5.19 5.58 5.75 5.91 5.97 6.03 6.16 6.24 6.27 JB36_3
Gneiss _ 4.50 4.88 5.13 5.32 5.45 5.55 5.61 5.76 5.87 5.93 TM23_1
Gneiss 4.25 5.03 5.31 5.55 5.68 5.81 5.92 5.98 6.05 6.16 6.19 TM23_2
Gneiss 4.42 4.88 5.19 5.41 5.58 5.69 5.78 5.84 5.96 6.05 6.11 TM23_3
Gypsum _ _ _ 3.58 3.68 3.84 3.98 4.04 4.34 4.67 5.00 CS52_1
Gypsum _ _ _ _ _ _ 3.30 3.43 3.80 4.24 4.41 TM37_1
Kinzigite _ 3.71 4.25 4.67 4.99 5.21 5.36 5.51 5.80 6.01 6.11 JB14_1
Limestone 5.74 5.89 5.97 6.01 6.04 6.05 6.07 6.08 6.10 6.16 6.17 CS50_1
Limestone 5.64 6.14 6.27 6.33 6.38 6.41 6.42 6.44 6.47 6.49 6.52 CS53_1
Limestone 6.17 6.31 6.36 6.38 6.39 6.41 6.41 6.43 6.44 6.46 6.48 CS55_1
Limestone 4.79 5.06 5.26 5.38 5.51 5.57 5.63 5.68 5.80 5.91 5.98 CS58_1
Limestone 6.41 6.44 6.44 6.46 6.46 6.46 6.47 6.47 6.47 6.49 6.50 CS61_1
Limestone 5.97 6.10 6.12 6.12 6.14 6.15 6.15 6.17 6.19 6.22 6.24 CS62_1
Limestone 6.20 6.23 6.26 6.27 6.29 6.30 6.32 6.33 6.37 6.40 6.41 CS63_1
Limestone 5.10 5.27 5.35 5.37 5.39 5.42 5.44 5.46 5.51 5.57 5.61 CS66_1
Limestone 6.08 6.19 6.25 6.29 6.32 6.34 6.36 6.36 6.39 6.42 6.44 CS68_1
Limestone 6.45 6.49 6.50 6.50 6.52 6.52 6.52 6.54 6.54 6.55 6.57 CS69_1
Limestone _ 5.81 5.85 5.89 5.94 5.98 6.01 6.02 6.07 6.13 6.16 CS71_1
Limestone 5.67 6.07 6.14 6.19 6.24 6.28 6.31 6.33 6.35 6.39 6.40 CS74_1
Limestone _ 4.73 4.99 5.20 5.34 5.45 5.54 5.59 5.69 5.81 5.87 CS76_1
Limestone _ 5.51 5.64 5.75 5.80 5.85 5.90 5.93 6.01 6.09 6.15 CS77_1
Limestone 6.34 6.43 6.44 6.46 6.46 6.48 6.48 6.48 6.50 6.51 6.53 CS78_1
Limestone 4.59 4.82 4.89 4.94 4.99 5.04 5.08 5.12 5.24 5.36 5.45 CS81_1
Limestone   4.97 5.20 5.34 5.42 5.49 5.52 5.55 5.64 5.73 5.79 CS82_1
Limestone 3.88 4.51 4.62 4.66 4.68 4.69 4.69 4.70 4.71 4.74 4.76 CS83_1
Limestone 5.57 6.22 6.36 6.41 6.46 6.47 6.49 6.49 6.51 6.53 6.54 CS84_1
Limestone 6.08 6.24 6.26 6.28 6.29 6.31 6.32 6.34 6.36 6.39 6.39 CS85_1
Limestone 5.95 6.23 6.30 6.37 6.39 6.40 6.42 6.44 6.44 6.46 6.48 CS86_1
Limestone 6.16 6.32 6.36 6.38 6.40 6.42 6.44 6.44 6.48 6.49 6.51 JB17_1
Limestone 6.18 6.39 6.42 6.44 6.46 6.46 6.47 6.47 6.51 6.52 6.54 JB17_2
Limestone 6.42 6.50 6.54 6.55 6.57 6.59 6.61 6.61 6.64 6.68 6.69 JB17_3
Limestone 5.35 5.97 6.13 6.26 6.35 6.43 6.52 6.59 6.67 6.80 6.84 JB19_1
Limestone 5.46 5.90 6.08 6.23 6.37 6.47 6.54 6.61 6.74 6.85 6.91 JB19_2
Limestone 5.75 6.10 6.28 6.42 6.53 6.62 6.70 6.78 6.86 6.96 7.00 JB19_3
Limestone 4.35 5.30 5.56 5.76 5.90 6.01 6.08 6.14 6.25 6.33 6.39 JB32_1
Limestone 4.66 5.43 5.72 5.89 6.01 6.13 6.19 6.24 6.33 6.39 6.44 JB32_2
Limestone 4.78 5.66 5.91 6.05 6.15 6.21 6.26 6.31 6.39 6.44 6.47 JB32_3
Limestone 4.17 5.31 5.58 5.72 5.82 5.90 5.97 6.03 6.15 6.24 6.28 JB33_1
Limestone 5.32 5.66 5.81 5.91 5.99 6.05 6.08 6.12 6.23 6.31 6.36 JB33_2
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Table 5.2 Seismic P-wave velocities under confining pressures 
 
Rock 0MPa 20MPa 40MPa 60MPa 80MPa 100MPa 120Mpa 140MPa 200MPa 300MPa 400MPa Sample
Limestone 5.01 5.65 5.86 5.98 6.07 6.14 6.20 6.23 6.29 6.37 6.43 JB33_3
Limestone _ 3.98 4.17 4.34 4.45 4.53 4.62 4.70 4.89 5.09 5.21 TM26_1
Limestone 5.00 5.15 5.24 5.32 5.40 5.47 5.51 5.56 5.69 5.79 5.85 TM26_2
Limestone _ 4.69 4.82 4.95 5.05 5.12 5.17 5.23 5.37 5.58 5.66 TM26_3
Limestone _ 5.64 5.77 5.87 5.91 5.94 5.97 6.00 6.05 6.09 6.12 TM27_1
Limestone _ 6.11 6.15 6.18 6.21 6.23 6.24 6.26 6.31 6.32 6.35 TM27_2
Limestone _ 5.97 6.02 6.06 6.09 6.10 6.12 6.13 6.18 6.20 6.23 TM27_3
Limestone _ 5.68 5.74 5.81 5.85 5.89 5.92 5.94 5.98 6.04 6.07 TM33_1
Limestone 6.05 6.15 6.17 6.18 6.20 6.22 6.23 6.25 6.26 6.29 6.33 TM33_2
Limestone 5.86 5.94 6.00 6.03 6.04 6.06 6.07 6.09 6.13 6.18 6.20 TM33_3
Marble 4.87 5.22 5.42 5.55 5.64 5.73 5.78 5.82 5.89 5.98 6.02 CS65_1
Marble 2.91 5.15 5.92 6.32 6.56 6.70 6.77 6.84 6.96 7.02 7.08 JB03_1
Marble 4.00 5.53 6.10 6.48 6.71 6.84 6.94 7.00 7.12 7.18 7.25 JB03_2
Marble 3.86 5.57 6.17 6.57 6.81 6.96 7.10 7.16 7.29 7.40 7.47 JB03_3
Marble 3.02 4.47 5.41 5.89 6.13 6.27 6.38 6.46 6.61 6.68 6.74 JB04_1
Marble 3.24 5.28 6.09 6.57 6.84 7.01 7.13 7.24 7.34 7.43 7.50 JB04_2
Marble 3.39 5.30 6.13 6.57 6.87 7.07 7.21 7.31 7.47 7.56 7.63 JB04_3
Marble 3.24 4.86 5.60 6.01 6.30 6.45 6.57 6.66 6.81 6.90 6.98 JB10_1
Marble 3.83 5.27 5.87 6.28 6.60 6.74 6.87 6.99 7.15 7.25 7.32 JB10_2
Marble 3.91 5.35 5.94 6.36 6.62 6.80 6.91 7.03 7.17 7.27 7.36 JB10_3
Marble 6.35 6.55 6.66 6.71 6.76 6.78 6.80 6.82 6.85 6.89 6.95 JB27_1
Marble 6.45 6.98 7.10 7.14 7.18 7.22 7.24 7.26 7.28 7.32 7.34 JB27_2
Marble 6.51 7.04 7.12 7.16 7.20 7.23 7.23 7.25 7.29 7.33 7.35 JB27_3
Marble 3.91 4.71 5.08 5.29 5.44 5.52 5.62 5.70 5.81 5.92 5.97 TM17_1
Marble 5.33 5.65 5.82 5.96 6.04 6.07 6.11 6.14 6.22 6.30 6.35 TM17_2
Marble 5.10 5.43 5.67 5.79 5.91 5.97 6.05 6.08 6.17 6.25 6.28 TM17_3
Marble 5.96 6.04 6.07 6.10 6.13 6.16 6.17 6.19 6.22 6.25 6.28 TM29_1
Marble 6.38 6.41 6.43 6.43 6.44 6.44 6.44 6.46 6.49 6.51 6.53 TM29_2
Marble 6.30 6.34 6.35 6.37 6.37 6.38 6.38 6.40 6.43 6.45 6.47 TM29_3
Metagabbro 5.40 5.79 6.03 6.18 6.32 6.41 6.50 6.58 6.76 6.93 7.01 TM21_1
Metagabbro 5.43 5.76 6.00 6.15 6.27 6.42 6.52 6.60 6.80 6.97 7.05 TM21_2
Metagabbro 4.47 5.27 5.54 5.81 6.00 6.18 6.34 6.40 6.64 6.86 6.93 TM21_3
Monzonite 4.33 4.97 5.30 5.53 5.68 5.81 5.89 5.97 6.09 6.21 6.27 JB15_1
Monzonite 4.81 5.29 5.54 5.71 5.85 5.94 6.03 6.08 6.20 6.28 6.33 JB15_2
Monzonite 4.35 5.11 5.41 5.58 5.73 5.80 5.88 5.96 6.08 6.15 6.19 JB15_3
Pegmatite 4.17 4.98 5.25 5.53 5.78 5.88 5.96 6.08 6.19 6.26 6.31 TM13_1
Pegmatite 4.47 4.94 5.36 5.64 5.83 5.93 6.03 6.07 6.18 6.27 6.34 TM13_2
Pegmatite 4.77 5.22 5.51 5.75 5.88 5.95 6.01 6.05 6.16 6.23 6.29 TM13_3
Quartzite 3.55 4.55 5.23 5.63 5.77 5.88 5.93 5.98 6.08 6.15 6.18 JB28_1
Quartzite 4.12 4.72 5.17 5.44 5.61 5.70 5.78 5.80 5.86 5.89 5.93 JB28_2
Quartzite 4.80 5.17 5.45 5.57 5.66 5.71 5.74 5.76 5.80 5.83 5.84 JB28_3
Quartzite _ 4.56 5.02 5.25 5.41 5.49 5.56 5.63 5.72 5.78 5.84 JB31_1
Quartzite 4.03 4.94 5.29 5.45 5.58 5.63 5.69 5.73 5.83 5.90 5.95 JB31_2
Quartzite 4.32 4.99 5.31 5.49 5.63 5.70 5.76 5.81 5.91 5.98 6.02 JB31_3
Quartzite _ 4.87 5.36 5.54 5.66 5.72 5.74 5.77 5.82 5.88 5.91 TM05_1
Quartzite 4.59 5.38 5.66 5.80 5.89 5.94 5.97 6.01 6.07 6.12 6.13 TM05_2
Quartzite 5.04 5.49 5.73 5.85 5.91 5.95 5.99 6.02 6.07 6.11 6.14 TM05_3
Quartzite 3.96 4.70 5.06 5.27 5.43 5.51 5.60 5.66 5.77 5.86 5.90 TM06_1
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Table 5.2 Seismic P-wave velocities under confining pressures 
 
Rock 0MPa 20MPa 40MPa 60MPa 80MPa 100MPa 120Mpa 140MPa 200MPa 300MPa 400MPa Sample
Quartzite 4.09 4.73 5.11 5.36 5.55 5.65 5.73 5.78 5.89 5.99 6.03 TM06_2
Quartzite _ 5.32 5.47 5.59 5.67 5.73 5.76 5.78 5.87 5.94 5.98 TM06_3
Radiolarite 5.41 5.58 5.65 5.70 5.74 5.78 5.81 5.82 5.85 5.89 5.92 CS75_1
Sandstone _ 3.22 3.53 3.67 3.73 3.79 3.83 3.87 3.94 4.04 4.13 CS54_1
Sandstone _ 5.14 5.37 5.47 5.57 5.64 5.68 5.70 5.80 5.86 5.90 CS56_1
Sandstone _ 4.24 4.63 4.88 5.04 5.13 5.19 5.24 5.38 5.49 5.56 CS60_1
Sandstone _ 4.35 4.48 4.57 4.64 4.70 4.76 4.79 4.90 5.03 5.12 CS67_1
Sandstone 5.83 5.88 5.89 5.90 5.92 5.93 5.95 5.96 6.00 6.03 6.06 CS70_1
Sandstone _ 5.37 5.46 5.55 5.63 5.66 5.70 5.74 5.81 5.89 5.92 CS72_1
Sandstone _ 4.59 4.89 5.09 5.24 5.34 5.45 5.55 5.73 5.86 5.95 TM01_1
Sandstone 4.66 5.16 5.35 5.50 5.64 5.72 5.80 5.88 5.98 6.13 6.19 TM01_2
Sandstone 4.36 4.90 5.13 5.30 5.44 5.52 5.62 5.70 5.86 6.02 6.09 TM01_3
Sandstone _ 4.71 5.41 5.55 5.63 5.65 5.68 5.70 5.73 5.78 5.81 TM03_1
Sandstone 5.22 5.62 5.88 6.03 6.09 6.14 6.17 6.20 6.23 6.28 6.31 TM03_2
Sandstone 5.03 5.52 5.89 6.05 6.14 6.20 6.24 6.25 6.28 6.33 6.36 TM03_3
Schist 4.00 4.57 5.02 5.30 5.46 5.58 5.65 5.70 5.79 5.86 5.90 JB24_1
Schist 4.90 5.19 5.48 5.63 5.73 5.81 5.85 5.89 5.96 6.01 6.06 JB24_2
Schist 5.10 5.36 5.56 5.74 5.82 5.89 5.93 5.96 6.03 6.09 6.12 JB24_3
Schist _ 3.98 4.58 4.89 5.17 5.36 5.52 5.60 5.79 5.92 5.98 JB25_1
Schist 4.38 4.86 5.16 5.42 5.55 5.68 5.77 5.85 5.95 6.05 6.09 JB25_2
Schist 4.18 4.88 5.34 5.59 5.77 5.87 5.96 6.04 6.13 6.22 6.27 JB25_3
Schist _ 3.93 4.76 5.02 5.16 5.29 5.36 5.43 5.61 5.71 5.78 JB29_1
Schist 4.76 5.56 5.85 6.05 6.17 6.27 6.35 6.39 6.51 6.60 6.65 JB29_2
Schist 5.73 6.00 6.10 6.19 6.27 6.35 6.42 6.47 6.63 6.72 6.77 JB29_3
Schist _ 4.26 4.94 5.24 5.37 5.48 5.55 5.59 5.70 5.80 5.86 TM08_1
Schist 5.16 5.65 5.85 5.98 6.06 6.11 6.14 6.18 6.25 6.31 6.36 TM08_2
Schist 5.40 5.86 6.00 6.10 6.21 6.25 6.30 6.33 6.38 6.48 6.53 TM08_3
Schist _ 3.39 4.28 4.77 5.04 5.26 5.42 5.53 5.66 5.80 5.85 TM10_1
Schist 4.50 5.16 5.64 5.89 6.05 6.16 6.28 6.38 6.48 6.60 6.65 TM10_2
Schist _ 4.44 4.95 5.29 5.60 5.76 5.88 5.95 6.11 6.25 6.31 TM10_3
Schist _ 3.45 4.12 4.56 4.87 5.15 5.37 5.58 5.90 6.16 6.29 TM20_1
Schist 4.36 5.00 5.40 5.71 5.86 6.12 6.24 6.34 6.55 6.71 6.75 TM20_2
Schist 3.61 4.37 4.86 5.22 5.43 5.68 5.81 5.95 6.18 6.40 6.49 TM20_3
Serpentinite 5.11 5.49 5.57 5.66 5.74 5.78 5.81 5.83 5.91 6.00 6.07 JB11_1
Serpentinite 7.05 7.15 7.17 7.19 7.21 7.23 7.23 7.25 7.27 7.34 7.36 JB11_2
Serpentinite 6.32 6.45 6.48 6.52 6.55 6.57 6.58 6.60 6.65 6.71 6.74 JB11_3
Serpentinite 4.84 5.40 5.72 5.88 5.95 6.05 6.09 6.12 6.21 6.27 6.32 JB12_1
Serpentinite 6.12 6.27 6.32 6.37 6.40 6.41 6.41 6.43 6.45 6.50 6.55 JB13_1
Serpentinite 7.00 7.06 7.08 7.10 7.12 7.14 7.14 7.16 7.18 7.22 7.24 JB13_2
Serpentinite 7.55 7.62 7.64 7.64 7.66 7.66 7.69 7.69 7.71 7.73 7.76 JB13_3
Serpentinite 6.16 6.21 6.24 6.26 6.27 6.27 6.29 6.29 6.32 6.35 6.38 JB22_1
Serpentinite 6.22 6.26 6.29 6.31 6.32 6.32 6.34 6.34 6.37 6.41 6.44 JB22_2
Serpentinite 6.22 6.26 6.29 6.31 6.32 6.32 6.34 6.34 6.37 6.41 6.44 JB22_3
Serpentinite 5.76 5.94 6.00 6.03 6.06 6.08 6.09 6.11 6.15 6.18 6.21 TM22_1
Serpentinite 5.75 5.84 5.88 5.91 5.94 5.95 5.97 5.98 6.03 6.07 6.10 TM22_2
Serpentinite _ 5.83 5.90 5.93 5.97 6.00 6.01 6.03 6.07 6.10 6.13 TM22_3
Siltstone 5.10 5.44 5.60 5.72 5.82 5.87 5.93 5.96 6.03 6.10 6.13 CS57_1
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To summarize the velocity variations with rock type, it is a useful to give the range of velocity 
values. Figure 5.5 allows an overview of the extreme ranges of P-wave velocity in a dry state 
at confining pressures of 0 MPa and 400 MPa for the different types of rocks. 
 
Some general conclusions may be drawn from the measurements: 
 
4.  Ultrabasic rocks peridotite, serpentinite, metamorphic amphibolite, and calcschist have 
very high velocities. The maximum velocity at 400 MPa confining pressure is almost 
reaches 8 km·s-1. 
 
5.  Marble, conglomerate and limestone show a larger variation of velocity ranges with 
experimental pressures.  
 
6.  Different type of rocks can have the same P-wave velocity value, so it is not a unique 
indicator to determine lithological information.  
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Figure 5.5: Velocity ranges for different type of rocks 
 
 
Mean and extreme values at 20 MPa 
Mean and extreme values at 400 MPa 
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5.4.2 P-wave velocity variation with pressure and fitted to an empirical 
relation 
 
The experimental study of velocity pressure dependency is limited at high pressure by the 
capabilities of the experimental system. From available measuring data to extrapolate data 
which are out of the experimental capability, using empirical relationships or theoretical 
expressions one can obtain more extended data by extrapolating available data to higher 
pressures. 
 
5.4.2.1 Velocity-pressure dependency 
 
The velocity behavior of most rocks has a similar variation with pressure. There have been 
many experimental and theoretical attempts in the past to study and describe the behavior of 
the velocity in rocks (Walsh 1965, 1969, Eshelby 1957, O’Connell and Budiansky 1974, 
Mavko and Nur 1975). In nearly all of the samples a strong nonlinear increase of the velocity 
was observed at low pressures. Two different mechanisms are possible to explain the pressure 
dependence of velocity. With increasing pressure at low pressures, the microcracks are 
gradually decreasing to reduce their opening and rock grain boundary contact improves. At 
the same time velocity is increasing due to the closure of microcracks. At high pressure, 
velocity-pressure dependency follows a linear relationship, which reflects rock intrinsic 
crystal or grain characteristics. There is a transition pressure Pc, corresponding to the 
beginning of a linear elastic relation. This phenomenon has been universally observed by 
many investigators, e.g., Birch 1960, Brace 1965, Kern et al., 1991, Kern 1993, Seipold and 
Huenges, 1998. The schematic illustration is presented in Figure 5.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Schematic representation of the characteristic relationship between wave 
velocities and increasing (hydrostatic) pressure for rocks.  
 
The “crack closure pressure” Pc denotes the point at which the low aspect ratio microcracks 
appear to be closed and the velocity becomes essentially linear within the precision of the 
data. V0 and Vmo represent the wave velocities of rock at ambient pressure with microcracks 
present and the extrapolated intrinsic value of the mineral matrix respectively. (after 
Greenfield et al. 1996).  
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Microcracks and modulus 
 
Volume and geometrical shape of microcracks have a profound effect on the rock elastic 
properties. Porosity and the pores’ aspect ratio are the most useful parameters for this 
purpose. The increase in velocity with pressure results from the closure of the cracks, and this 
closure is reflected by a greater rigidity of the material under pressure. 
 
The behavior of cracks and pores under a confining pressure was modeled by Walsh (1965, 
1969) for a pore or crack included in a matrix. The equations satisfied by the bulk modulus K,  
 
1/K = 1/K1 (1+ A φ/e)............................................................................... (5.7) 
where 
K1  the solid matrix modulus,  
e the aspect ratio of the pore or crack (e=1 for a sphere, e<<1 for a crack) 
φ the porosity,  
A  a constant depending on the characteristics of the medium and has a value 
close to 1. 
 
If e=1, the effect of the pore on the modulus is negligible for low porosities. However, if 
e=0.01, the effect on the bulk modulus of the dry sample is considerable. For a given sample, 
it is necessary to integrate the different effects for all the pores and cracks. The greater the 
pressure applied, the more the cracks are closed and the less the moduli are altered (i.e. the 
less the difference K1-K). 
 
5.4.2.2 Fitting 
 
To quantify the pressure dependence of velocity, 4 parameters are needed following an 
empirical expression as proposed by Freud (1992) 
 
V(P)= a + b P - c exp(-d P) ...................................................................... (5.8) 
 
where parameters a, b, c, d describe velocity pressure dependency. 
 
Before Freud’s study, Carlson and Gangi 1985 also proposed 4 parameters to determine the 
velocity-pressure relationship by the equation (5.9) 
 
1/V2(P) = (1/Vc2-1/Vg2)/(1+P/Pi)1-m + 1/Vg2 ............................................. (5.9) 
 
The fitting parameters, Vc, Vg, Pi, and m are related to the specifics of bed of nails model. 
 
Wepfer and Christensen (1991) proposed a purely empirical model bearing no intended 
relation to any specific material properties:  
 
V(P)= A(P/100)a + B(1-e-bP)................................................................... (5.10) 
 
where A, B, a, and b are constants. 
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Seipold et al. (1998) used their experiment data to fit both thermal properties and the pressure 
dependency of velocities in the form: 
 
VP=V0 (1-b exp(-cP)) (1+aP) .................................................................. (5.11) 
 
This relation provides a suitable fit for the obtained experimental measuring points of all 
studied parameters, which have determinative physical meanings:  
 
 a: slope in the linear range 
 b= 1 - V(0) /V0 
 1/c: measure for the length of the initial pressure interval. 
 V0: extrapolation of V(P) from the linear range to P=0. 
 
By adjusting these 4 parameters, the analytical expression fits the measured results quite well. 
The reason for using four parameters is that 2 parameters are needed for nonlinear properties 
at low pressure and 2 parameters for linear properties at high pressure. Each parameter has its 
own physical connotation leading to reality of rock macro behaviours. This phenomenon 
satisfied superimposing principle of two functions by adding an inverse exponential function 
at low pressure and a linear function at high pressure. 
 
In order to make these parameters have clear physical properties, the empirical relation may 
be successfully explained from the given data. It is reasonable to use four parameters in the 
following function fitting the measuring data in the Table 4.2,  
 
V = A + B·P + C exp (-P/D) ................................................................... (5.12)  
 
Where  
A=Vm0, extrapolation of V(p) from the linear range to p=0, Vm0 is matrix velocity, assuming  
no porosity. 
B: slope in the linear range. 
C = Vm0 - V(0), velocity difference between Vm0 and initially measured velocity, it is 
specially the difference between intrinsic pore free mineral matrix velocity and the actual rock 
measurement at ambient pressure. 
D: Empirical parameter, it may be thought as a crack closure decay constant. 
 
Eq. (5.12) originally derives from a study of velocity-pressure dependency for low porosity 
igneous and metamorphic samples by Greenfield et al. (1996). In Switzerland, many 
sedimentary rocks have suffered metamorphism. They can be consided to be a good fit to Eq. 
(5.12) for a rock with low porosity of high aspect ratio. Some examples are shown in Figure 
5.7 for both experimental points and empirical fitting curves. 
Chapter 5: Seismic P-Wave velocity 
89 
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
0 100 200 300 400 500
Pressure [MPa]
Ve
lo
ci
ty
 [k
m
/s
]
JB11_1
fit
JB07_1
fit
TM27_1
fit
JB20_3
fit
CS63_1
fit
 
 
Figure 5.7: Empirical function fitted to experimental data 
 
Remark: using empirical function (5.12) gives a good fit to experimental measured 
points shown in Table 5.2, the curves’ four parameters are taken from Table 5.3. CS63 
and TM27 are limestones, JB11 peridotite, JB20 amphibolite, JB07 gneiss. 
 
Velocity pressure dependent data are given in the Table 5.3. The values of pressure up to the 
highest pressure 400 MPa were used to evaluate the constants of eq. 5.12. The units for each 
parameter are A: km⋅s-1, B: km⋅s-1 MPa, C: km⋅s-1, and D: MPa. 
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Table 5.3 Seismic velocity -Pressure empirical fitting parameters 
 
Rock A B C D Sample 
Amphibolite 6.162 0.0006 -0.971 50 JB20_1 
Amphibolite 6.647 0.0005 -0.651 92 JB20_2 
Amphibolite 7.126 -0.0002 -0.892 141 JB20_3 
Amphibolite 6.231 0.0008 -2.112 48 JB30_1 
Amphibolite 6.572 0.0005 -2.052 65 JB30_2 
Amphibolite 6.641 0.0005 -1.643 71 JB30_3 
Breccia 6.091 0.0004 -0.588 47 CS73_1 
Breccia 5.857 0.0007 -0.780 76 CS79_1 
Breccia 5.848 0.0007 -1.179 40 JB23_1 
Breccia 6.109 0.0007 -0.920 38 JB23_2 
Breccia 6.788 0.0004 -0.627 28 JB23_3 
Breccia 5.997 0.0010 -1.061 77 TM02_1 
Breccia 6.809 0.0000 -0.907 200 TM02_2 
Breccia 6.408 0.0002 -0.288 74 TM02_3 
Conglomerate 5.621 0.0008 -1.662 42 CS59_1 
Conglomerate 5.998 0.0008 -0.584 63 CS64_1 
Conglomerate 5.656 0.0011 -2.290 50 JB35_1 
Conglomerate 5.827 0.0009 -2.283 45 JB35_2 
Conglomerate 5.982 0.0006 -1.849 55 JB35_3 
Diorite 6.027 0.0008 -1.252 35 JB07_1 
Diorite 6.064 0.0007 -1.429 36 JB07_2 
Diorite 6.099 0.0006 -1.569 37 JB07_3 
Diorite 5.864 0.0009 -3.066 39 JB08_1 
Diorite 6.166 0.0007 -2.167 40 JB08_2 
Diorite 6.229 0.0008 -2.419 41 JB08_3 
Diorite 5.817 0.0008 -2.429 58 JB09_1 
Diorite 5.921 0.0009 -1.954 51 JB09_2 
Diorite 5.904 0.0009 -1.781 47 JB09_3 
Dolomite 6.884 0.0006 -1.011 49 JB16_1 
Dolomite 6.832 0.0007 -1.163 48 JB16_2 
Dolomite 6.888 0.0007 -0.763 42 JB16_3 
Dolomite 6.705 0.0004 -1.092 129 TM25_1 
Dolomite 6.510 0.0008 -1.039 95 TM25_2 
Dolomite 6.597 0.0006 -1.098 96 TM25_3 
Gneiss 5.270 0.0009 -1.294 57 JB01_1 
Gneiss 5.780 0.0005 -1.730 75 JB01_2 
Gneiss 5.692 0.0008 -1.640 63 JB01_3 
Gneiss 5.704 0.0008 -2.403 57 JB02_1 
Gneiss 6.081 0.0004 -2.565 59 JB02_2 
Gneiss 5.978 0.0007 -2.429 38 JB02_3 
Gneiss 6.027 0.0006 -0.106 28 JB06_2 
Gneiss 6.461 -0.0001 -0.451 171 JB06_3 
Gneiss 5.823 0.0006 -1.489 53 JB18_1 
Gneiss 5.868 0.0006 -1.661 54 JB18_2 
Gneiss 5.981 0.0006 -1.375 70 JB18_3 
Gneiss 5.496 0.0010 -1.933 45 JB21_1 
Gneiss 5.901 0.0007 -1.605 48 JB21_2 
Gneiss 5.944 0.0006 -1.405 47 JB21_3 
Gneiss 5.412 0.0009 -2.349 28 JB26_1 
Gneiss 5.677 0.0009 -1.377 31 JB26_2 
Gneiss 5.964 0.0007 -1.449 31 JB26_3 
Gneiss 5.573 0.0009 -1.559 49 JB34_1 
Gneiss 5.918 0.0006 -1.118 53 JB34_2 
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Table 5.3 Seismic velocity -Pressure empirical fitting parameters 
 
Rock A B C D Sample 
Gneiss 6.046 0.0007 -0.992 44 JB34_3 
Gneiss 5.767 0.0008 -2.508 43 JB36_1 
Gneiss 5.870 0.0008 -2.320 40 JB36_2 
Gneiss 6.073 0.0005 -2.131 45 JB36_3 
Gneiss 5.679 0.0006 -1.684 57 TM23_1 
Gneiss 6.049 0.0004 -1.442 60 TM23_2 
Gneiss 5.889 0.0006 -1.439 58 TM23_3 
Gypsum 4.002 0.0023 -7.724 37 CS52_1 
Gypsum _ _ _ _ TM37_1 
Kinzigite 5.711 0.0010 -2.721 67 JB14_1 
Limestone 6.029 0.0004 -0.272 32 CS50_1 
Limestone 6.413 0.0003 -0.474 37 CS53_1 
Limestone 6.399 0.0002 -0.147 41 CS55_1 
Limestone 5.702 0.0007 -0.868 68 CS58_1 
Limestone 6.457 0.0001 -0.031 50 CS61_1 
Limestone 6.226 0.0001 -0.143 200 CS62_1 
Limestone 6.475 -0.0001 -0.269 200 CS63_1 
Limestone 5.449 0.0004 -0.224 82 CS66_1 
Limestone 6.335 0.0003 -0.243 42 CS68_1 
Limestone 6.525 0.0001 -0.052 72 CS69_1 
Limestone 6.048 0.0003 -0.313 92 CS71_1 
Limestone 6.360 0.0001 -0.392 71 CS74_1 
Limestone 5.622 0.0006 -1.265 60 CS76_1 
Limestone 5.931 0.0006 -0.569 68 CS77_1 
Limestone 6.494 0.0001 -0.087 82 CS78_1 
Limestone 5.421 0.0003 -0.673 200 CS81_1 
Limestone 5.500 0.0008 -0.847 44 CS82_1 
Limestone 4.664 0.0002 -0.483 18 CS83_1 
Limestone 6.486 0.0002 -0.485 33 CS84_1 
Limestone 6.414 0.0000 -0.200 150 CS85_1 
Limestone 6.412 0.0002 -0.323 37 CS86_1 
Limestone 6.466 0.0001 -0.184 87 JB17_1 
Limestone 6.468 0.0002 -0.108 63 JB17_2 
Limestone 6.584 0.0003 -0.120 62 JB17_3 
Limestone 6.763 0.0002 -0.983 95 JB19_1 
Limestone 6.774 0.0004 -1.123 85 JB19_2 
Limestone 6.945 0.0002 -1.077 85 JB19_3 
Limestone 6.188 0.0005 -1.265 59 JB32_1 
Limestone 6.270 0.0004 -1.220 54 JB32_2 
Limestone 6.333 0.0004 -0.974 53 JB32_3 
Limestone 6.096 0.0005 -1.046 66 JB33_1 
Limestone 6.155 0.0005 -0.656 72 JB33_2 
Limestone 6.183 0.0006 -0.821 48 JB33_3 
Limestone 4.824 0.0011 -1.035 102 TM26_1 
Limestone 6.072 -0.0003 -1.029 175 TM26_2 
Limestone 5.343 0.0009 -0.786 114 TM26_3 
Limestone 5.985 0.0004 -0.517 50 TM27_1 
Limestone 6.325 0.0001 -0.260 108 TM27_2 
Limestone 6.139 0.0002 -0.228 69 TM27_3 
Limestone 5.917 0.0004 -0.341 64 TM33_1 
Limestone 6.242 0.0002 -0.122 98 TM33_2 
Limestone 6.048 0.0004 -0.158 54 TM33_3 
Marble 5.839 0.0005 -0.876 59 CS65_1 
Marble 6.831 0.0006 -2.929 36 JB03_1 
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Table 5.3 Seismic velocity -Pressure empirical fitting parameters 
 
Rock A B C D Sample 
Marble 7.017 0.0006 -2.415 42 JB03_2 
Marble 7.149 0.0008 -2.510 44 JB03_3 
Marble 6.415 0.0009 -3.502 34 JB04_1 
Marble 7.201 0.0008 -3.220 39 JB04_2 
Marble 7.321 0.0008 -3.213 43 JB04_3 
Marble 6.660 0.0008 -2.905 42 JB10_1 
Marble 7.056 0.0007 -2.688 50 JB10_2 
Marble 7.071 0.0007 -2.612 49 JB10_3 
Marble 6.759 0.0005 -0.384 35 JB27_1 
Marble 7.225 0.0003 -0.396 42 JB27_2 
Marble 7.232 0.0003 -0.291 50 JB27_3 
Marble 5.697 0.0007 -1.435 53 TM17_1 
Marble 6.079 0.0007 -0.705 43 TM17_2 
Marble 6.105 0.0005 -0.950 58 TM17_3 
Marble 6.169 0.0003 -0.186 70 TM29_1 
Marble 6.501 0.0001 -0.104 200 TM29_2 
Marble 6.404 0.0002 -0.078 145 TM29_3 
Metagabbro 6.756 0.0007 -1.189 94 TM21_1 
Metagabbro 7.100 0.0000 -1.562 122 TM21_2 
Metagabbro 6.794 0.0004 -1.897 96 TM21_3 
Monzonite 6.010 0.0007 -1.469 59 JB15_1 
Monzonite 6.216 0.0003 -1.232 70 JB15_2 
Monzonite 6.076 0.0003 -1.291 66 JB15_3 
Pegmatite 6.233 0.0002 -1.746 65 TM13_1 
Pegmatite 6.045 0.0008 -1.766 44 TM13_2 
Pegmatite 6.055 0.0006 -1.298 47 TM13_3 
Quartzite 5.933 0.0007 -2.651 31 JB28_1 
Quartzite 5.811 0.0003 -1.859 38 JB28_2 
Quartzite 5.747 0.0003 -1.020 35 JB28_3 
Quartzite 5.585 0.0007 -1.688 40 JB31_1 
Quartzite 5.692 0.0007 -1.222 41 JB31_2 
Quartzite 5.803 0.0006 -1.246 47 JB31_3 
Quartzite 5.717 0.0005 -1.779 27 TM05_1 
Quartzite 5.992 0.0004 -1.021 39 TM05_2 
Quartzite 5.978 0.0004 -0.853 36 TM05_3 
Quartzite 5.684 0.0006 -1.442 52 TM06_1 
Quartzite 5.810 0.0006 -1.638 49 TM06_2 
Quartzite 5.774 0.0005 -0.671 54 TM06_3 
Radiolarite 5.795 0.0003 -0.326 54 CS75_1 
Sandstone 3.730 0.0010 -1.072 28 CS54_1 
Sandstone 5.724 0.0005 -0.838 54 CS56_1 
Sandstone 5.187 0.0010 -1.526 43 CS60_1 
Sandstone 4.766 0.0009 -0.553 78 CS67_1 
Sandstone 6.034 0.0001 -0.183 200 CS70_1 
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Table 5.3 Seismic velocity -Pressure empirical fitting parameters 
 
Rock A B C D Sample 
Sandstone 5.835 0.0003 -0.583 92 CS72_1 
Sandstone 5.684 0.0007 -1.417 77 TM01_1 
Sandstone 5.949 0.0006 -1.038 78 TM01_2 
Sandstone 5.921 0.0005 -1.257 94 TM01_3 
Sandstone 5.625 0.0005 -3.208 16 TM03_1 
Sandstone 6.148 0.0004 -0.999 32 TM03_2 
Sandstone 6.216 0.0004 -1.358 30 TM03_3 
Schist 5.697 0.0005 -1.823 42 JB24_1 
Schist 5.876 0.0005 -1.079 44 JB24_2 
Schist 5.957 0.0004 -0.933 47 JB24_3 
Schist 5.731 0.0007 -2.476 57 JB25_1 
Schist 5.919 0.0005 -1.493 60 JB25_2 
Schist 6.032 0.0006 -1.776 46 JB25_3 
Schist 5.306 0.0013 -2.658 30 JB29_1 
Schist 6.456 0.0005 -1.256 59 JB29_2 
Schist 7.358 -0.0010 -1.490 200 JB29_3 
Schist 5.495 0.0010 -2.410 30 TM08_1 
Schist 6.140 0.0006 -0.785 44 TM08_2 
Schist 6.276 0.0007 -0.638 52 TM08_3 
Schist 5.519 0.0009 -3.422 42 TM10_1 
Schist 6.381 0.0007 -1.787 51 TM10_2 
Schist 6.007 0.0008 -2.334 52 TM10_3 
Schist 6.006 0.0008 -3.280 78 TM20_1 
Schist 6.681 0.0002 -2.160 79 TM20_2 
Schist 6.159 0.0009 -2.373 71 TM20_3 
Serpentinite 5.798 0.0007 -0.445 65 JB11_1 
Serpentinite 7.191 0.0004 -0.070 62 JB11_2 
Serpentinite 6.806 0.0000 -0.391 200 JB11_3 
Serpentinite 6.085 0.0006 -1.111 41 JB12_1 
Serpentinite 6.366 0.0004 -0.226 27 JB13_1 
Serpentinite 7.175 0.0002 -0.140 122 JB13_2 
Serpentinite 7.732 0.0001 -0.125 200 JB13_3 
Serpentinite 6.241 0.0004 -0.105 20 JB22_1 
Serpentinite 6.294 0.0004 -0.085 27 JB22_2 
Serpentinite 6.294 0.0004 -0.085 27 JB22_3 
Serpentinite 6.094 0.0003 -0.212 64 TM22_1 
Serpentinite 6.145 0.0000 -0.331 187 TM22_2 
Serpentinite 6.022 0.0003 -0.267 63 TM22_3 
Siltstone 5.966 0.0004 -0.756 58 CS57_1 
 
 
From the empirical function, one can extrapolate the velocity to a higher pressure, for 
example up to 600 MPa.  At low pressures, the fitting parameter depends on the combination 
of A, C and D for non linear properties, at high pressure after microcrack closure, the linear 
relation dominates with velocity increasing at a very slow rate, parameter B is less than 0.002 
km⋅s-1⋅MPa, D is between 20 to 200 Mpa-1. 
 
5.4.3 Seismic wave anisotropy 
 
Seismic wave anisotropy occurs when elastic waves vibrate or travel in one direction at a 
different velocity to that in another direction. From the large dimension of the earth’s 
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structure in the crust and mantle to the much smaller dimension of individual rocks and 
minerals, seismic wave anisotropy has been studied in many observations and laboratory 
experiments (Savage, 1999, Karato 1987, Kern et al. 1996, Kern and Tubia 1993, Ji and 
Salisbury 1993, Crampin, 1994). 
Since the pioneering work by Hess (1964), evidence for anisotropic earth structures has 
progressively increased. It is now well recognized that the earth's structure is anisotropic in 
both oceanic and continental regions. Surface wave studies have also revealed anisotropic 
earth structures on a global scale and to a greater depth. The anisotropic structures are 
developed due to tectonic processes in the earth, and an important prerequisite for such a 
study is a thorough understanding of the mechanisms of the formation of anisotropic 
structures. Seismologists realized that rocks have a fabric and orientations that are obviously 
anisotropic. 
 
Most minerals composing the crust and mantle are anisotropic. If they are randomly oriented, 
then the bulk material appears isotropic, but if there is a preferred orientation, the bulk 
material is anisotropic. Most of the common rock-forming minerals in the crust are 
anisotropic, e.g. quartz has Vp anisotropy of 26%. However, rocks formed from aggregates of 
these minerals are much less anisotropic than the individual crystals. Gneiss, schists, and 
amphibolites containing amphibole, biotite, and other phyllosilicates are the most strongly 
anisotropic rocks.  
 
The elastic properties depend on the strength of inter-atomic bonds in corresponding 
directions of the crystal structure. Elastic moduli are higher in the direction in which the 
structure has the strongest bonds. However, at low pressure, velocity anisotropy appears to 
have a larger value than that at high pressure, so porosity only has an effect of velocity 
anisotropy at low pressure. This is because at pressure above several tens MPa most of the 
pore spaces in the rocks have been eliminated.  
P-wave velocity anisotropy is defined according to the following formulae 
 
Av =100⋅(V max - V min ) / Vmean .............................................................  (5.13) 
Af= 100⋅(V int-V min)/V mean..................................................................... (5.14) 
Al = 100⋅(Vmax-Vint) / Vmean .................................................................... (5.15) 
Vmean = (Vmax+Vint+Vmin) / 3 .................................................................. (5.16) 
 
where Vmin always occurs in the direction perpendicular to foliation or bedding plane in the 
metamorphic or sedimentary rocks; Vint  in parallel to foliation and perpendicular to lineation; 
Vmax in foliation plane and parallel to lineation. Af and Al are used to represent the anisotropic 
contribution from foliation and lineation respectively. The total anisotropy Av = Af + Al. Thus 
three types of anisotropy are defined as being planar, triaxial and linear (see fig. 4.6 and fig. 
4.7 in Sellami, 1994). 
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Figure 5.8: Three orthogonal P-wave velocity measurements and anisotropy under pressure. 
From top to bottom, the anisotropy type is triaxial (JB11 peridotite), planar (JB23 limestone) 
and linear (JB20 amphibolite). 
 
 In Figure 5.8 three examples of velocity measurement and anisotropy characteristics are 
shown. Velocity anisotropy is strongly dependent on pressure below 100 to 150 MPa, it 
decreases dramatically with increase of pressure, mainly due to the closure of cracks.  At 
higher pressures, up to 400 MPa, the anisotropy is nearly constant and can be considered as 
the intrinsic anisotropy of the nearly crack-free rock (e.g. Seipold et al., 1998). To compare 
velocity anisotropy at 0.1 MPa with that at 400 MPa, Figure 5.9 shows all of the measured 
seismic anisotropy values.  
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Figure 5.9: Velocity anisotropy of different rock types. 
 
Nonetheless, the porosity of samples is really very low, less than 1%, the significant 
anisotropy has a strong non-linear pressure dependence, microcracks oriented in a preferred 
direction corresponds to high anisotropy under low pressure. The comparative distribution of 
planar and linear component indicates that it does not depend on the type of rock, but is rather 
related to structural characteristics (Fig. 5.10). 
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Figure 5.10 Anisotropy types of different rock types. Circle represents igneous, square 
sedimentary, and triangle metamorphic rocks. 
 
General conclusions on the study of velocity anisotropy, 
 
6.  Most samples have an intrinsic anisotropy of around 5%, originating from lithological and 
preferred mineral orientation. 
7.  Initial microcracks can produce a wide range of anisotropy spanning over 20% which 
suggests that microcracks are orientated rather than randomly distributed within the rock.  
8.  Highly anisotropic rock samples occurred in schist and pegmatite and some of the 
limestones.  
9.  Gneisses show their intrinsic anisotropy being in some degree proportional to the initial 
anisotropy. 
10. Metamorphic rocks have a larger range of anisotropy values than other rocks.  
11. The planar contribution Af is larger than linear contribution Al under low pressures for 
most of the rocks. 
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Table 5.4 Anisotropy of 51 samples from Figure 5.9 
 
Rock 0.1 Mpa 400 Mpa Code Rock 0.1 Mpa 400 Mpa Code 
Amphibolite 22.4 9.1 JB20  Limestone 9.0 3.7  TM27 
Amphibolite 17.3 4.3 JB30 Marble 30.5 5.4 JB03 
Breccia 26.5 4.9 TM02 Marble 25.3 12.2 JB04 
Conglomerate 20.8 2.3 JB35 Marble 18.3 5.3 JB10 
Diorite 2.7 0.3 JB07 Marble 7.2 5.6 JB27 
Diorite 20.1 4.8 JB08 Marble 29.8 6.0 TM17 
Diorite 22.7 2.3 JB09 Marble 6.6 3.9 TM29 
Dolomite 7.6 0.8 JB16 Metagabbro 19.0 1.7 TM21 
Dolomite 1.4 0.7 TM25 Pegmatite 13.5 0.8 TM13 
Gneiss 12.8 6.2 JB01 Quartzite 30.0 5.7 JB28 
Gneiss 17.2 4.0 JB02 Quartzite 14.2 3.1 JB31 
Gneiss 4.9 1.7 JB06 Quartzite 22.2 3.9 TM05 
Gneiss 10.1 2.7 JB18 Quartzite 15.6 2.1 TM06 
Gneiss 25.8 5.4 JB21 Sandstone 6.7 4.0 TM01 
Gneiss 30.2 7.7 JB26 Sandstone 33.6 9.0 TM03 
Gneiss 23.0 6.5 JB34 Schist 23.5 3.7 JB24 
Gneiss 12.1 3.2 JB36 Schist 25.2 4.7 JB25 
Gneiss 15.9 4.3 TM23 Schist 18.5 15.6 JB29 
Kinzigite 10.5 2.1 JB15 Schist 30.5 10.8 TM08 
Limestone 4.2 2.7 JB17 Schist 40.8 12.7 TM10 
Limestone 7.2 2.4 JB19 Schist 36.3 7.1 TM20 
Limestone 30.0 12.9 JB23 Serpentinite 31.5 19.1 JB11 
Limestone 10.2 4.2 TM33 Serpentinite 20.8 16.8 JB13 
Limestone 9.2 1.2 JB32 Serpentinite 0.8 0.9 JB22 
Limestone 23.9 2.3 JB33 Serpentinite 2.3 1.9 TM22 
Limestone 30.1 11.6 TM26         
 
5.4.3.1 Velocity direction preference 
 
The geological meaning of seismic anisotropy was best revealed in the earth’s upper mantle. 
Hess (1964) was the first to observe that seismic waves travel faster perpendicular to the 
midoceanic ridge under the Pacific Ocean (8.3 km⋅s-1) than parallel to it (8.0 km⋅s-1). This 
could not be associated with any lateral change in composition or physical conditions and was 
interpreted as due to anisotropy of rocks in the oceanic upper mantle consisting mainly of 
olivine (80%) and orthopyroxene (20%). 
 
Peridotites are representative of the upper-mantle composition. Mantle rocks are sometimes 
juxtaposed with the crust and available for sampling. Examples are olivine mylonites from the 
Mid-Atlantic ridge, xenoliths in Hawaiian basalts and lherzolite blocks in the Ivrea zone. 
These rocks show appreciable preferred orientation. 
 
5.5 Seismic attenuation 
 
The quality factor Q is used for representing the attenuation of a wave through a material. 
There are in general four techniques used to determine attenuation (Toksöz et al., 1979, 
Zadler, et al., 2004) 
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• Resonant bar method 
• Amplitude decay of multiple reflection 
• Slow stress cycling method 
• Pulse transmission method 
 
In the pulse transmission method, the spectra ratio (SR) method provides the most direct 
approach to measuring the energy loss in a seismic signal. By measuring the change in the 
ratio of two seismic signal frequency spectra over a specified frequency band, it is possible to 
infer a loss in energy for one signal relative the other, following the same signal propagation 
path. For the jacketed sample under confining pressure, the pulse transmission techniques, 
modified by Toksoz et al. (1979), is the most suited for the samples to be studied. Two 
measurements are made using identical procedures, one with the rock sample and the other 
with the reference sample. The rock sample has exact shape and geometry with respect to the 
reference sample of aluminum. 
 
The amplitudes of plane seismic waves for the reference and rock samples can be written as 
 
A1(f)= G1(x) exp[-α1(f) x] exp [ i (2πf t - k1x)] 
 
A2(f)= G2(x) exp[-α2(f) x] exp [ i (2πf t - k2x)] 
 
Where 
A= amplitude 
G(x) = geometrical factor 
f = frequency 
x = distance 
k=2 πf/V = wave number 
V= velocity 
       ____ 
 i= √ (-1) 
α(f) = frequency dependent attenuation coefficient. 
 
From experimental data, it is observed that over the frequency range of measurement (0.1-1.0 
MHz) attenuation is a linear function of frequency. 
Thus, one can write:      
α(f) = γ f 
 
Where γ is a constant and related to the quality factor Q by 
 
Q= π/ (γV) .............................................................................................. (5.17) 
 
When the same geometry is used for both the sample and the standard, the ratio of the Fourier 
amplitudes is: 
 
ln(A1/A2)= ( γ2- γ1) x f + ln (G1/G2) 
 
Where x is the sample length. When G1/G2 is independent of frequency, (γ2- γ1) can be found 
from the slope of the line fitted to ln(A1/A2) versus frequency, because the Q of the standard 
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is very high, and is assumed as γ1=0, thus γ2 of the sample can be determine directly from the 
slope. Aluminum was used as the standard reference value which has Q for of 150,000, as 
opposed to Q≤1,000 for rocks. 
 
Waveform acquisition has been conducted during velocity measurement in a digital format. 
Following the above SR principles, a program for calculating the Q value using Matlab 
(V.4.2) has been compiled and tested. An example of how the attenuation data was obtained is 
shown in Figure 5.11.  
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Figure 5.11 Procedure of seismic wave attenuation Q. 
a1. to a4. at a pressure of 20 MPa and  b1. to b4. at pressure of 400 MPa. 
 
5.5.1 Program description 
 
In order to process the seismic attenuation calculation, the observed seismic waveform data 
are pre-processed in three steps: 
   
1. Define data, 
2. Find out first onset, 
3. Determine first complete wavelet for both reference and rock sample, i.e. waveform 
window requires signal as uncontaminated as possible by other arrivals. If the signal 
become too wide, reflection from the edges of the sample and multiple reflection 
contaminate the tail of the signal received. Only first one waveform was involved for 
account to SR method. 
 
5.5.2 Example of MATLAB program 
 
A MATLAB program was written and used to calculate seismic wave attenuation, and the 
program code is given below: 
 
% Program on MATLAB for Q-VALUE processing, MATLAB V4.2 
% Gangyan GONG, 26 July 1999, Lab Petrophysics, Dept. Mineralogy, Univ. % % 
Geneva 
% waveform: T=0.02 x 1007 microseconds, Fn=2.5e7=25MHz 
% load waveform from file d*.dat, 
   load Alu.dat; 
   load JB22_1.dat; 
           sa1=Alu(:,1);sr1=JB22_1(:,1); 
l=5.002;Vp=6.39; 
% Parameter selection: intc: take off the tail part of waveform from end of 
waveform 
%  npt1 : beginning point of spectrum for Q calculate 1:0.05MHz 
%  npt2 : ending point of spectrum  
intc=375; npt1=9 ; npt2=20;mult=0.5; 
IN=[l Vp intc npt1 npt2 mult]      %input parameters 
   tst=0:0.02:20.12;           % sampling time sequence 
   tst=tst'; 
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           for k=301:1:600                   % seek trigger position 
            diff=sr1(k+6)-sr1(k); 
            if abs(diff)>2 , idr=k+5;break,end 
          end 
            for k=301:1:600 
               diff2=sa1(k+6)-sa1(k); 
                 if abs(diff2)>2, ida=k+5;break, end 
            end 
              YA=sa1;              % read waveform data from alu(sa)VO(sr) 
              YR=sr1*mult; 
           MS=[YA YR]; 
           mv=mean(MS(200:400,:)); 
                   YA=YA-mv(1); 
                     YR=YR-mv(2); 
                     YA(1:ida)=tst(1:ida)*0; 
                     YR(1:idr)=tst(1:idr)*0;    
% Eliminating of noise, vertical zero-off set and calibration 
%  dpt=deduced points from tail of waveform, to keep same length of 
waveform 
% Filter design ellip, lowpass for 0 to 1.5 MHz 
  Fs=5e7; 
  [b a]=ellip(4,0.1,60,[0.001 1.5]*(2e6/Fs)); 
   FA=filter(b,a,YA); 
   FR=filter(b,a,YR); 
          % interception of tail !!key parameter 
               dpt=intc+idr-ida; dptr=intc-25;          %look to add width 
                 cont=1:1:dpt; 
                 cont=cont'*0; 
                  FA(1007-dpt+1:1007)=cont; 
                       cont=1:1:dptr;   
                       cont=cont'*0; 
                        FR(1007-dptr+1:1007)=cont; 
                           plot (tst,FA,'--',tst,FR,'-') 
                            xlabel('Time (microsecond)') 
                            ylabel(' ') 
                            title('P-Waveform for Alu-- and JB22') 
                            gtext('P=20 MPa') 
 %  modification here for print!!!!!!!!!!!!!!!!!!!!!!                           
                            print 
      MS=[FA FR]; 
ffa=FA(ida:1007-dpt); ffr=FR(idr:1007-dptr); 
fffa=fft(ffa,500);fffr=fft(ffr,500); 
fnew=50/500; 
fre=0:fnew:500*fnew; 
plot(fre(1:25),abs(fffa(1:25)),'--',fre(1:25),abs(fffr(1:25)),'-' ) 
gtext('try') 
      nps=1007;         % working in frequency domain, fo=0.0497MHz 
      nps0=25;           % Fn determinded by sample rate 0.02 ms=50 MHz 
      f0=50 /(nps-1); 
       f=0:f0:(nps-1)*f0; 
         f=f';   %normalising two spectra      
            MSP=fft(MS,nps); 
            nmax=max(abs(MSP)); 
              nnmax=max(nmax); 
              MSP=MSP/nnmax; 
plot(f(1:nps0),abs(MSP(1:nps0,1)),'--',f(1:nps0),abs(MSP(1:nps0,2)),'-' ) 
               xlabel('Frequency (MHz)') 
               title('P-waveform spectrum') 
                  gtext('-- Alu, VO10_1 at P= 0.1 MPa') 
                  %  print 
%  We interested in frequncy 0.1 to 1 MHz alfa= k * f,Q=pi/(k*Vp),  
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%   ln(Ar/Aalu)=-k*l*f +c, l=length 
%    log(abs(MSP(11:100,1))/abs(MSP(11:100,2)))=a*x +b 
%       Choose the rang of frequency for calculation from npt1 to npt2 
            f=npt1*f0:f0:npt2*f0; 
             f=f';                  
             x=f*(l+0.9);                  % thickness of transduce holder 
              MA=[x,ones(npt2-npt1+1,1)];             
         y=log( abs(MSP(npt1:npt2,1)) ./ abs(MSP(npt1:npt2,2))); 
            coe=MA\y 
%  k in 1/(cm*MHz)=sec /10km=0.1 (sec/km) 
            k=coe(1); 
            Q=10*pi/(k*Vp);             %LAST RESULT COME FROM HERE!! 
              Qi=1/Q; 
% peak at 1MHz 1/Q=V*ln(Ar/Aa)/(pi*d*f),Qpk=10pi*l/(v*ln(Aa/Ar)) 
% when n=20 f=1MHz, Ar=abs(MSP(20,1)),...  
      Qpk=10*pi*(l+0.9)/Vp/log(abs(MSP(20,1))/abs(MSP(20,2))); 
      Qpk5=10*pi*(l+0.9)/Vp/log(abs(MSP(10,1))/abs(MSP(10,2))); 
        Qpki=1/Qpk;Qpki5=1/Qpk5; 
QV=[Q Qi Qpk Qpki Qpk5 Qpki5] 
             coef=corrcoef([f y]) 
             yy=coe(1)*x+coe(2); 
plot(f,y,'*',f,yy) 
axis([0.0 1.5 -1 3]) 
gtext('JB22 P=20 MPa') 
xlabel('Frequency (MHz) ') 
title('Amplitude Ratio of Spectrum') 
ylabel('ln (Aa/Ar) ') 
end 
 
  
The Q-values at pressures of 20 MPa and 400 MPa are obtained from available waveforms. 
Table 5.5 and Table 5.6 give the Q values for the P-wave measurement. 
 
Table 5.5 Q-values at 20 MPa and 400 MPa 
 
Q-Value P=20MPa P=400MPa Ratio 
Sample (No.) Min Mean Max Min Mean Max Q400/Q20 
Amphibolite(2) 36 68 100 196 287 378 4.22 
Breccia(4) 41 72 140 86 279 600 3.90 
Conglomerate(3) 12 30 42 58 108 183 3.63 
Diorite(3) 26 26 29 59 86 119 3.28 
Dolomite(2) 59 64 69 152 187 222 2.92 
Gneiss(9) 22 36 68 69 119 172 3.32 
Gypsum(2) 25 27 28 47 49 50 1.83 
Kinzigite(1)  85   256  3.01 
Limestone(28) 18 58 132 80 175 363 3.01 
Marble(7) 32 44 58 74 121 185 2.73 
Metagabbro(1)  21   72  3.43 
Monzonite(1) 20 20 20 58 58 58 2.90 
Pegmatite(1)  51   74  1.45 
Quartzite(4) 28 37 49 48 89 146 2.41 
Radiolarite(1)  45   107  2.38 
Sandstone(9) 27 59 196 56 136 236 2.31 
Schist(6) 15 41 71 62 99 160 2.45 
Serpentinite(5) 33 43 56 63 90 101 2.10 
Siltstone(1)  32   161  5.03 
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For each rock here, only one sample in direction 1 (normal to reference plane) has been used 
to calculate the Q-value.  
 
Table 5.6 Q-values at confining pressures of 20 MPa and 400 MPa 
 
TYPE OF ROCK Q20 Q400  CODE TYPE OF ROCK Q20 Q400 CODE 
Amphibolite 100 378 JB20 Limestone, micritic  72 192 CS85 
Amphibolite 36 196 JB30 Limestone, micritic  72 101 TM33 
Breccia 41 86 JB23 Limestone, oolitic 24 90 CS50 
Breccia, dolomitic  47 91 TM02 Limestone, oolitic  100 324 CS83 
Breccia, micro-dolomitic 140 600 CS73 Limestone, pelagic  37 96 CS76 
Breccia, micro-dolomitic,  58 338 CS79 Limestone, reef  57 80 CS84 
Conglomerate 12 58 CS59 Limestone, shaley 57 146 JB17 
Conglomerate 42 183 CS64 Limestone, siliceous 77 175 CS63 
Conglomerate, meta- 35 82 JB35 Limestone, siliceous  34 123 CS58 
Diorite 24 59 JB07 Limestone, sub-lithographic 46 215 CS86 
Diorite, grano- 29 81 JB08 Marble 38 96 CS65 
Diorite, grano- 26 119 JB09 Marble 58 123 JB03 
Dolomite 59 152 JB16 Marble 35 74 JB10 
Dolomite 69 222 TM25 Marble 57 99 TM29 
Gabbro, meta- 21 72 TM21 Marble, banded 40 91 JB04 
Gneiss 49 92 JB01 Marble, dolomitic 51 180 JB27 
Gneiss 26 97 JB06 Marble, micaceous 32 185 TM17 
Gneiss 68 157 JB26 Monzonite 20 58 JB15 
Gneiss 31 172 JB34 Pegmatite 51 74 TM13 
Gneiss, augen- 42 146 JB21 Quartzite 49 146 JB28 
Gneiss, granitic 22 166 JB02 Quartzite 34 83 TM06 
Gneiss, granitic 38 96 JB36 Quartzite, pebbly 37 79 JB31 
Gneiss, ortho- mylonitic  24 69 TM23 Quartzite, pebbly  28 48 TM05 
Gneiss,monzonitic 22 73 JB18 Radiolarite 45 107 CS75 
Gypsum 25 50 TM37 Sandstone 27 180 CS56 
Gypsum, banded  28 47 CS52 Sandstone 39 56 CS67 
Kinzigite 85 256 JB14 Sandstone 196 236 CS70 
Limestone 26 125 CS55 Sandstone 41 187 CS72 
Limestone 85 122 CS69 Sandstone, marly 30 123 CS80 
Limestone 73 133 JB19 Sandstone, micaceous  62 133 TM03 
Limestone 72 134 JB33 Sandstone, quartz-,calcite  70 98 TM01 
Limestone, bioclastic 91 143 TM27 Sandstone, red  31 82 CS54 
Limestone, siliceous bioclastic  22 136 TM26 Sandstone, red  36 133 CS60 
Limestone, biodetritic 52 183 CS68 Schist, green- 41 92 TM20 
Limestone, biodetritic  18 186 CS53 Schist, Mica-, albitic 52 89 TM10 
Limestone, biodetritic  56 187 CS61 Schist,calc- 35 68 JB24 
Limestone, calcarenitic  38 220 CS82 Schist,calc- 71 124 JB25 
Limestone, cherty pelagic 47 98 CS74 Schist,calc- 29 160 JB29 
Limestone, dolomitic  94 308 CS71 Schist,quartz- 15 62 TM08 
Limestone, marble 37 90 JB32 Serpentinite 36 63 JB11 
Limestone, marly 46 148 CS66 Serpentinite 56 97 JB12 
Limestone, marly 36 363 CS77 Serpentinite 33 101 JB13 
Limestone, marly 66 234 CS81 Serpentinite 44 100 JB22 
Limestone, micritic 132 363 CS62 Serpentinite 45 88 TM22 
Limestone, micritic  58 174 CS78 Siltstone 32 161 CS57 
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From table 5.6, it can be seen that Q has average values of 20 to 100 at the lower pressure of 
the 20 MPa and Q increases to between 60 and 380 at the higher pressure of 400 MPa. The 
ratio of Q value at a pressure of 400 MPa (Q400) to at pressure of 20 MPa (Q20) is between 1.5 
and 5.4. The attenuation of seismic waves in dry rocks decreases markedly with increasing 
pressure (Kern et al. 1997, Toksoz et al. 1978). This phenomenon reveals that seismic wave 
attenuation is closely linked with initial porosity, as has been well illustrated by Johnston et 
al.,(1979) and is shown in Figure 5.12.  
 
 
 
 
 
Figure 5.12: Attenuation vs. porosity in different rocks (after Johnston et al., 1979) 
 
The mechanisms involved in attenuation are still uncertain. Numerous mechanisms have been 
proposed and each may be considered to have a greater degree of importance to the overall 
attenuation under certain physical conditions. These mechanisms include matrix inelasticity 
by frictional dissipation due to relative motions at grain boundaries and cross crack surfaces 
(Walsh, 1966), fluid flow by dissipation in a saturated rock due to relative motion of the frame 
respect to fluid inclusions (Biot, 1956, Stoll and Bryan 1970) and squirting flow (Marvko and 
Nur, 1975). In a dry rock sample, Coulomb frictional sliding between crack surfaces and grain 
boundary contacts provides a constant Q with frequency seems reasonable in the SR method 
(Toksoz 1977). 
 
For accurate measurement of Q by SR, the preferred operating range is between 5 and 50 
(Bourbié, et al., 1987), rather than slightly attenuating materials where Q≥100. From the SR 
method, attenuation measurement depends on the slope of the spectrum ratio. When the slope 
of the spectrum ratio is very low, the determination of Q value is inaccurate with a relative 
error as large as 50%. 
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5.6 Effect of temperature and pressure on seismic velocity 
 
Most velocity determinations at elevated pressure and temperature have been done on dry 
samples with the pulse-transmission technique in rock samples of a few centimeters in length, 
using transducers with natural frequencies 1-2 MHz. Empirical relations indicate that the 
effect of crack closure on the wave velocities is assumed to follow an inverse exponential 
relationship with pressure (see eq. 5.12). It should be noted that functional forms are suitable 
to the description of all rocks in which may be characterized by the occurrence of low aspect 
ratio dry microcracks, effectively closed upon application of moderate compression. 
 
The crack-closing pressure is indicated by the transition from non-linear to linear behavior. 
Most samples from KTB are found to be in the range of 100-250 MPa. Raising the 
temperature has an opposite effect on wave velocity, because differential thermal expansion 
of the constituent minerals of the rocks force grain boundaries to widen and for new cracks to 
open. The thermal volumetric strain measured at low (100 MPa) and high 600 MPa confining 
pressure indicates that microcracks induced by the rapid thermal phases will be increasingly 
suppressed as pressure is raised until at pressures of some 100 MPa it does not take place. 
 
Regarding velocity variations in the crust and upper mantle, one realizes that increasing 
pressure and temperature have opposite effects on velocity. In magmatic and metamorphic 
rocks, Schön, (1996) finds in the lower temperature range from about 100 to 150 °C, that 
there are only small changes in velocity; whilst at higher temperatures the changes in velocity 
are more important. Experimental determination of the pressure and temperature variations in 
terms of velocities derivatives at confining pressures up to 600 MPa and temperature up 600 
°C has been studied by Kern and Tubia (1993), Kern et al. (1996, 1997). They obtain for the 
Ronda peridotite a pressure derivative for P-wave velocity of the order of 1.25 to 4.36 ×10-4 
km s-1 MPa-1 and a temperature derivative from - 4.78 to -9.88 ×10-4 km s-1 °C-1. 
 
Due to combined effect of temperature and pressure on seismic velocity, velocity-depth 
dependence is critically important to infer crust and upper mantle structure.  
The variation of velocity with depth z: 
 
dv/dz = (∂v/∂p)T⋅dp/dz + (∂v/∂T)P⋅ dT/z  ..............................................  (5.18) 
 
where  
(∂v/∂p)T is the change of velocity with pressure (isotherm) 
(∂v/∂T)P is the change of velocity with temperature (isobar) 
dp/dz, dT/dz are the vertical pressure and temperature gradients. 
 
Lebedev (1975) studied, in the central part of the Ukrainian Shield, P wave velocity versus 
depth; it is shown that pressure effect is dominant within depth to about 5 km. With further 
increase of depth the velocities decrease markedly down to 20 km. From 5 to 20 km depth, the 
temperature effect is dominant. 
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5.7 Effect of crack porosity on velocity 
 
According to the eq. (5.7), for the same porosity of a rock sample, the velocity may vary with 
crack aspect ratio e, the geometrical flat shape controls velocity over a large range of values. 
This occurs in present study for all the low porosity samples. Normalized velocity difference 
(V400-V20)/V400 shows that initial porosity has an effect on seismic velocity (Figure 5.13). For 
a certain porosity value, (V400-V20)/V400 means velocity difference caused by pore closure. 
The greater the porosity, the larger the velocity difference to be expected. 
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Figure 5.13: (V400-V20)/V400 vs. porosity 
 
Theoretical treatments of the problem of the elastic behavior of porous and cracked rocks are 
various and complex (Walsh, 1965). There is no unique solution to determine porosity from 
Vp alone, or vice versa, unless further constraints, such as a knowledge of the shear wave 
velocity Vs, are available.  
 
In the study of thermal properties, the low porosity belongs to type III pores, interconnected to 
each other, and analysis of anisotropy indicates that the cracks have planar rather than 
spherical geometrical shape. 
 
A non-linear relation exists between velocity and porosity V= V(K(φ), φ) for crystalline rocks. 
For the sedimentary rocks, (Wyllie et al., 1956) found 1/V = φ/Vf + (1-φ)/Vm , where Vf is 
fluid velocity and Vm is matrix velocity. 
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Figure 5.14: Influence of microcrack porosity on the velocity (after Bourbié et al. 1987). 
V0 = velocity at atmospheric pressure 
V1 = velocity under a pressure of 1GPa 
∆V = V1-V0 
O, Oak Hall limestone; FD, dunite; RQ, quartzite; TG, Troy granite; WD, Webatuck 
dolomite; WG, Westerly granite; SG, Stone granite; CG, Casco granite  
 
 
Figure.5.14 illustrates the extent of fracture porosity by the increase in velocity with pressure. 
The ordinate in the diagram represents the normalized difference between the compressional 
velocity without pressure and that at a pressure of 1 GPa for dry samples. The greater the 
number of cracks, the more the velocity varies with pressure. 
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6 Relationship between petrophysical properties: density, 
thermal conductivity and seismic velocity 
 
6.1 Introduction 
 
After having investigated the individual physical properties of a set of samples, the ultimate 
goal was to investigate the possible correlation between all the measured physical parameters. 
In the literature, there exists a series of studies on the dependence of petrophysical properties. 
 
Birch (1961) demonstrated an important empirical relationship between compressional 
velocity and density in the form of a linear relationship. The constants were found 
experimentally from compressional velocity measurements on rocks and minerals of different 
structure and composition. Anderson (1967) extended Birch’s findings and developed a 
general seismic equation of state in a simplified form. Horai and Simmon (1969, 1970) 
developed relationships between the compressional and shear wave velocity and thermal 
conductivity based on experimental data from silicates. Rybach and Buntebarth (1982, 1984) 
derived various relationships between properties (i.e., density, compressional wave velocity, 
and heat generation) based on an “ionic model for minerals”. In sedimentary rocks, seismic 
velocity was found to depend on porosity and clay content (Mavko, et al. 1998). Recent 
studies on several sedimentary carbonate rock specimens in laboratory shown that P-wave 
velocity, bulk density and compressive strength of the rock specimens are directly 
exponentially proportional to the thermal conductivity and porosity is inversely proportional 
to thermal conductivity (Özkahraman, et al., 2004). Other laboratory experiments indicated 
that density of various carbonate rock types can be estimated from their sound velocity (SV) 
values by using simple linear mathematical relations (Yasar and Erdogan, 2004).  
 
6.2 Physical properties and their dependency on the rock forming 
minerals 
 
Theoretically, thermal conductivity is expected to be correlated to density and specific heat as 
well as phonon velocity and mean free path of phonons. A theoretical approach relating heat 
production rate with density and P-wave velocity was given by Rybach and Buntebarth (1982, 
1984) using cation packing indexes. 
 
Thermal conductivity is basically controlled by the mineral composition of a rock, but also by 
rock porosity and pore filling fluids as well as ambient temperature and pressure (Clauser and 
Huenges, 1995).  
 
Fresh crystalline rock samples porosity is mostly below 0.5% and does not significantly 
influence bulk density.  
 
Seismic P-wave velocity is mainly controlled by the mineral composition but also by rock 
texture and anisotropic properties of minerals. Microcracks and fractures of either a technical 
or natural origin may further modify the P-way velocity values of drill core samples (Vernik 
and Nur, 1992, Popp and Kern, 1994).  
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Magnetic susceptibility is dominated by the content of ferrimagnetic minerals which are 
usually accessory minerals in rocks. Rocks with χ <1000 µSI are mainly influenced by the 
relative proportions of the rock forming minerals that are either paramagnetic or diamagnetic. 
 
If one reviews the dependence of the various parameters of the rock forming minerals (for 
example, Table 2.4, Table 3.3), one realizes that for some properties such as density all the 
minerals present play a role but it is not the case for the magnetic properties where only a few 
minerals are dominant. Table 6.1 gives a simplified summary of physical properties and rock 
forming mineral dependence. 
 
Table 6.1 Physical properties and rock forming mineral dependence 
 
Physical parameter Rock forming minerals “dependence” 
Other major 
“dependence” 
Density All Porosity 
Velocity All Porosity, fluids 
Thermal conductivity Several dominant minerals Porosity, fluids 
Magnetic susceptibility Few dominant minerals None 
  
One knows that the density increases with the content of ferromagnesian minerals; naturally 
the density is also influenced by the presence of porosity; it increases with a decrease of the 
latter. Velocity has a similar trend to that of density, so these behaviours should lead, in a first 
approximation, to a positive correlation between them. For the thermal conductivity the 
mineral effect is different, silicic ones such as biotite increase the conductivity and feldspar 
decrease it. This may indicate that there is a clear correlation with the two previously 
mentioned parameters but it is not obvious.  
 
Finally, the magnetic susceptibility, which exhibits a broad range of values, has high values 
only in the presence of a very limited number of minerals such as iron oxides and iron 
sulfides. Here a simple correlation with the previous parameters is not evident. 
 
A further step in the analysis is to see to what extent one could have a more global correlation 
between all the studied parameters and this has led us to apply factor analysis. By using SPSS 
comprehensive statistical tools, a factor analysis has been applied to all measured parameters 
of all 88 rock samples. 
 
6.3 Integrated data set 
 
In the previous chapters, thermal conductivity, density, velocity and magnetic susceptibility 
have been presented separately. In order to overview all measurements as an integral entity; 
all these parameters will compose a new data set. This is appropriate for a global relationship 
analysis. 
 
6.3.1 Defining the new data set 
 
The new data set is show in table 6.2. In this table, physical parameters represent average 
values from multiple measured values, for example, density is based on an average value from 
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three specimens of the same rock, thermal conductivity is a geometric average value from two 
mutual perpendicular directions given by  
 
21 λλλ ⋅=  
 
where λ1 is thermal conductivity parallel to foliation and λ2 is perpendicular to foliation. 
 
Magnetic susceptibility spreading over several orders of magnitude, it is better to use its 
logarithm log(κlf) for a statistical description. 
 
Table 6.2 Complete petrophysical properties of the measured rock samples 
 
ρb ρm λd λs V20 V400 κ(LF) Q20 Q400 Porosity ROCK 
103kg m-3 103kg m-3 W m-1 K-1 W m-1 K-1 km s-1 km s-1    % 
CODE
  
Amphibolite 2.97 2.98 2.511 2.622 5.99 6.74 7.72E-04 100 378 0.32 JB20 
Amphibolite 3.00 3.02 2.408 2.918 5.10 6.71 5.49E-04 36 196 0.61 JB30 
Breccia 2.75 2.76 3.536 3.760 5.73 6.50 1.96E-04 41 86 0.38 JB23 
Breccia, dolomitic  2.76 2.80 3.667 4.033 5.79 6.52 2.58E-05 47 91 1.12 TM02 
Breccia, dolomitic micro- 2.68 2.69 3.508 4.180 5.37 5.92 -3.54E-06 140 600 0.49 CS73 
Breccia, dolomitic micro- 2.73 2.79 3.110 3.408 6.43 6.53 6.97E-05 58 338 2.13 CS79 
Conglomerate 2.71 2.74 3.218 3.589 6.23 6.41 1.83E-05 42 183 1.04 CS64 
Conglomerate, meta- 2.65 2.67 2.607 3.690 4.39 6.14 1.68E-04 35 82 0.77 JB35 
Diorite 2.80 2.81 2.206 2.473 5.26 6.35 2.72E-03 24 59 0.57 JB07 
Diorite, grano- 2.68 2.71 2.291 2.655 4.54 6.39 3.29E-04 29 81 1.09 JB08 
Diorite, grano- 2.68 2.71 2.123 2.782 4.48 6.21 4.34E-04 26 119 1.08 JB09 
Dolomite 2.84 2.85 5.046 5.446 6.24 7.13 -1.18E-05 59 152 0.54 JB16 
Dolomite 2.83 2.83 4.362 5.065 5.71 6.81 1.74E-05 69 222 0.26 TM25 
Gabbro, meta- 3.02 3.02 2.650 3.041 5.61 7.00 6.40E-04 21 72 0.08 TM21 
Gneiss 2.60 2.66 2.636 3.463 4.43 5.86 2.05E-04 49 92 2.35 JB01 
Gneiss 2.68 2.71 1.858 3.526 4.02 4.22 4.50E-04 26 97 1.08 JB06 
Gneiss 2.68 2.70 2.891 3.605 4.81 6.00 1.38E-04 68 157 0.83 JB26 
Gneiss 2.78 2.79 2.942 3.765 5.04 6.12 1.51E-04 31 172 0.38 JB34 
Gneiss, augen- 2.65 2.67 3.249 4.116 4.71 6.06 6.24E-05 42 146 0.69 JB21 
Gneiss, granitic 2.63 2.65 2.852 3.720 4.27 6.15 1.31E-03 22 166 0.76 JB02 
Gneiss, granitic 2.65 2.68 2.402 3.483 4.47 6.17 9.44E-05 38 96 0.92 JB36 
Gneiss, ortho-, mylonitic  2.67 2.71 3.078 3.837 4.80 6.08 6.68E-04 24 69 1.54 TM23 
Gneiss,monzonitic 2.72 2.75 3.025 3.615 4.83 6.11 2.41E-04 22 73 1.05 JB18 
Gypsum 2.10 2.67 1.148 1.414 3.60 4.41 -1.78E-05 25 50 21.40 TM37 
Gypsum, banded  2.21 2.73 1.335 1.714 3.12 5.00 7.07E-06 28 47 18.88 CS52 
Kinzigite 2.91 2.93 2.706 3.945 3.71 6.11 6.11E-04 85 256 0.84 JB14 
Limestone 2.70 2.71 3.357 3.395 6.31 6.48 -7.26E-06 26 125 0.48 CS55 
Limestone 2.70 2.71 3.395 3.969 6.19 6.44 2.57E-04 85 122 0.30 CS69 
Limestone 2.81 2.85 4.398 4.786 5.99 6.92 1.54E-04 73 133 1.55 JB19 
Limestone 2.73 2.75 2.557 2.806 5.54 6.36 8.63E-05 72 134 0.90 JB33 
Limestone, bioclastic 2.69 2.70 3.194 3.263 5.91 6.23 1.59E-05 91 143 0.41 TM27 
Limestone, bioclastic  2.58 2.65 3.457 5.012 4.61 5.57 8.55E-06 22 136 2.85 TM26 
Limestone, biodetritic 2.70 2.72 3.134 3.229 4.35 5.12 1.88E-04 52 183 0.40 CS68 
Limestone, biodetritic  2.71 2.73 3.687 3.740 6.14 6.52 -4.10E-06 18 186 0.92 CS53 
Limestone, biodetritic  2.69 2.70 3.210 3.244 4.24 5.56 -1.07E-05 56 187 0.23 CS61 
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Limestone, calcarenitic  2.62 2.69 2.411 2.590 4.97 5.79 3.24E-05 38 220 2.86 CS82 
Limestone, cherty 2.70 2.71 2.731 3.020 5.71 6.24 3.01E-05 47 98 0.49 CS74 
Limestone, dolomitic  2.68 2.71 2.721 2.803 5.88 6.06 4.06E-05 94 308 1.09 CS71 
Limestone, marble 2.71 2.73 2.479 2.874 5.46 6.43 2.88E-05 37 90 0.53 JB32 
Limestone, marly 2.51 2.69 2.135 2.304 5.22 6.02 5.70E-06 46 148 6.43 CS66 
Limestone, marly 2.67 2.69 2.546 2.609 4.73 5.87 1.78E-05 36 363 0.81 CS77 
Limestone, marly 2.62 2.66 2.288 2.511 4.82 5.45 3.05E-05 66 234 1.81 CS81 
Limestone, micritic 2.70 2.70 2.950 2.975 6.44 6.50 3.96E-06 132 363 0.06 CS62 
Limestone, micritic  2.70 2.71 2.879 3.053 5.51 6.15 -4.93E-07 58 174 0.12 CS78 
Limestone, micritic  2.68 2.70 3.032 3.112 6.24 6.39 -8.57E-06 72 192 0.60 CS85 
Limestone, micritic  2.68 2.70 3.150 3.273 5.92 6.20 2.58E-05 72 101 0.76 TM33 
Limestone, oolitic 2.67 2.69 2.804 2.828 5.89 6.17 1.18E-06 24 90 0.72 CS50 
Limestone, oolitic  2.37 2.70 2.262 2.866 4.51 4.76 -9.55E-06 100 324 12.12 CS83 
Limestone, pelagic  2.69 2.71 2.811 2.923 5.58 5.92 5.80E-05 37 96 0.59 CS76 
Limestone, reef  2.70 2.71 2.774 2.851 6.22 6.54 5.39E-06 57 80 0.27 CS84 
Limestone, shaley 2.71 2.72 2.867 2.916 6.40 6.58 2.07E-05 57 146 0.32 JB17 
Limestone, siliceous 2.69 2.70 3.037 3.085 6.10 6.24 2.96E-05 77 175 0.18 CS63 
Limestone, siliceous  2.74 2.77 3.621 3.888 5.06 5.98 2.78E-04 34 123 0.95 CS58 
Limestone, sub-lithographic 2.69 2.70 3.112 3.302 6.23 6.48 -9.37E-06 46 215 0.41 CS86 
Marble 2.72 2.73 2.598 2.676 5.58 6.30 1.58E-05 38 96 0.34 CS65 
Marble 2.85 2.87 4.032 5.406 5.42 7.27 -1.34E-06 58 123 0.68 JB03 
Marble 2.84 2.85 4.223 5.504 5.16 7.22 4.49E-07 35 74 0.48 JB10 
Marble 2.71 2.72 2.824 2.951 6.26 6.43 8.92E-06 57 99 0.15 TM29 
Marble, banded 2.85 2.86 4.153 5.504 5.02 7.29 4.82E-07 40 91 0.46 JB04 
Marble, dolomitic 2.84 2.87 5.895 5.984 6.86 7.21 1.96E-06 51 180 0.81 JB27 
Marble, micaceous 2.70 2.75 3.413 3.729 5.26 6.20 2.63E-05 32 185 1.91 TM17 
Monzonite 2.71 2.73 2.991 3.302 5.12 6.26 1.75E-04 20 58 0.71 JB15 
Pegmatite 2.67 2.67 3.719 4.776 5.05 6.31 8.82E-05 51 74 0.07 TM13 
Quartzite 2.64 2.65 5.713 8.146 4.81 5.98 1.33E-05 49 146 0.36 JB28 
Quartzite 2.66 2.66 5.331 6.864 4.92 5.97 8.13E-06 34 83 0.14 TM06 
Quartzite, pebbly 2.73 2.76 2.473 3.314 4.83 5.94 1.08E-04 37 79 0.96 JB31 
Quartzite, pebbly  2.66 2.69 5.308 6.354 5.25 6.06 1.41E-05 28 48 1.19 TM05 
Radiolarite 2.68 2.68 4.102 4.233 6.07 6.40 8.79E-05 45 107 0.11 CS75 
Sandstone 2.71 2.73 2.948 3.271 5.14 5.90 2.95E-04 27 180 0.71 CS56 
Sandstone 2.56 2.69 2.087 2.389 5.27 5.61 8.40E-05 39 56 5.05 CS67 
Sandstone 2.69 2.69 3.448 3.499 6.49 6.57 9.23E-05 196 236 0.21 CS70 
Sandstone 2.70 2.70 2.945 2.963 5.81 6.16 8.31E-05 41 187 0.25 CS72 
Sandstone, marly 2.43 2.69 1.624 2.321 5.26 6.14 6.15E-04 30 123 9.60 CS80 
Sandstone, quartz-calcite  2.68 2.70 3.114 4.164 4.88 6.08 5.17E-05 70 98 0.59 TM01 
Sandstone, red  2.21 2.71 1.637 2.562 3.22 4.13 5.91E-04 31 82 18.39 CS54 
Sandstone, red  2.72 2.75 2.884 3.889 4.60 5.93 1.06E-04 36 133 1.12 CS60 
Schist, green- 2.92 2.93 2.278 2.937 4.27 6.51 5.79E-04 41 92 0.65 TM20 
Schist, Mica-, albitic 2.77 2.79 2.661 3.465 4.33 6.27 3.20E-04 52 89 0.76 TM10 
Schist,calc- 2.68 2.70 4.693 5.425 5.04 6.03 2.35E-04 35 68 0.68 JB24 
Schist,calc- 2.71 2.74 2.642 3.887 4.57 6.11 1.38E-03 71 124 1.28 JB25 
Schist,calc- 2.70 2.74 2.518 3.544 5.16 6.40 3.25E-04 29 160 1.51 JB29 
Schist,quartz- 2.76 2.79 3.641 4.166 5.26 6.25 2.09E-04 15 62 0.92 TM08 
Serpentinite 2.70 2.71 2.669 2.820 6.36 6.72 3.33E-02 36 63 0.27 JB11 
Serpentinite 2.70 2.70 3.141 4.762 5.40 6.32 5.76E-02 56 97 0.03 JB12 
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Serpentinite 2.87 2.88 3.245 3.316 6.98 7.18 2.95E-02 33 101 0.32 JB13 
Serpentinite 2.66 2.67 2.834 2.850 6.24 6.42 3.98E-03 44 100 0.31 JB22 
Serpentinite 2.69 2.71 2.425 2.439 5.87 6.15 6.89E-02 45 88 0.74 TM22 
Siltstone 2.70 2.71 2.671 2.897 5.44 6.13 4.51E-04 32 161 0.50 CS57 
 
6.3.2 Statistical features 
 
The statistical results in Table 6.3 give an outline of the ranges and mean values for the 
various petrophysical properties of the analyzed Alpine samples 
 
Table 6.3 Statistical parameters 
 
Parameters Unit Min Max Mean S.D. 
Bulk density 103 kg⋅m-3 2.10 3.02 2.69 0.14 
Matrix density 103 kg⋅m-3 2.65 3.02 2.74 0.08 
Thermal cond. (dry) W⋅m-1⋅K-1 1.15 5.89 3.06 0.88 
Thermal cond.(sat.) W⋅m-1⋅K-1 1.41 8.15 3.58 1.11 
Velocity (20MPa) km⋅s-1 3.12 6.98 5.30 0.80 
Velocity (400MPa) km⋅s-1 4.13 7.29 6.19 0.58 
log10(κ)  10-6 SI 0.35 4.84 1.86 1.06 
log10(Q20)   1.18 2.29 1.64 0.21 
log10(Q400)   1.67 2.78 2.08 0.23 
Porosity % 0.00 21.34 1.73 3.83 
 
 
6.3.3 Qualitative description of correlation 
 
Before starting the statistical correlation calculation, it is worth looking at the graphs of the 
various pairs of bivariate distributions such as λd ⎯ρb, λw ⎯ρb, V20⎯ρb, V400⎯ρm, and 
λd⎯V in order to have a better experimental explanation (Figure 6.1 – Figure 6.3) and 
analyzing relationship between petrophysical and lithological properties. 
 
6.3.3.1 Thermal conductivity versus bulk density 
 
When density is between 2.1×103 and 2.6×103 kg⋅m-3, our results indicate that thermal 
conductivity increases with density. Figure 6.1 shows the data set on density and thermal 
conductivity. 
 
In general, thermal conductivity increases with density but with a discrepancy occurring in a 
narrow density interval between 2.62×103 and 2.85×103 kg⋅m-3 (Figure 3.3). This can be 
explained by the combination of different rock forming minerals.  
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Certainly the mineral content of quartz and other minerals imply that the thermal conductivity 
will not be uniformly increased with minor differences in density. 
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Figure 6.1: Thermal conductivity versus bulk density 
 
6.3.3.2 P-wave velocity versus density 
 
The average velocity at a pressure of 20 MPa is plotted against bulk density to show the 
velocity-density dependence (Figure 6.2A). The average velocity at a pressure of 400 MPa is 
plotted against matrix density in Figure 6.2B. 
 
Velocity-density relations are useful to estimate the seismic velocity from density or vice 
versa and to calculate seismic impedances which is the product of the density and the velocity 
for the evaluation of reflection coefficients. The range of mean bulk densities is from 2.15 
(gypsum) to 3.01 (Gabbro) 103⋅kg⋅m-3. One notices that many specimens have bulk densities 
around 2.7×103 kg⋅m-3 despite lithological variations. P-wave velocity lies between 2.91 to 
6.53 km⋅s-1 at atmospheric pressure with considerable variation.  
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Figure 6.2: Velocity versus matrix density at confining pressures of 20MPa (A) and 400MPa 
(B) 
circle—metamorphic, cross—sedimentary, triangle—igneous 
 
At high pressure, matrix density is chosen because of the closure of pores and microcracks 
(Figure 6.2B). Hereto as for low pressure, the velocity increases with increasing density but 
correlation seems to be stronger.  
 
6.3.3.3 Velocity versus thermal conductivity 
 
Using the measurement data set from Table 6.2, the variation of thermal conductivity with P-
wave velocity is shown in Figure 6.3. 
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Figure 6.3: Thermal conductivity and velocity for dry and water saturated samples 
 
The results are not sufficient to confirm a correlation between seismic velocity and thermal 
conductivity within the present data set. However, a general tendency exists between velocity 
and thermal conductivity. Especially for thermal conductivities less than 6 W·m-1·K-1, velocity 
increases with thermal conductivity 
6.4 Statistical Correlation 
 
Numerical characteristics of the correlation between different physical parameters are 
described by a correlation coefficient. It is easy to determine for two variables if there exists a 
relationship or not. For this, our data set is put into a matrix and one operates on this matrix 
for calculation of the correlation coefficients (for example, in MATLAB with the function 
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corrcoef(X), where X is the matrix) the result is shown as a triangular symmetrical matrix 
(Table 6.4). 
 
Firstly for the entire rock collection one notices that the correlation coefficients are in general 
very low. There is no good empirical relationship from one parameter to the others and all 
correlation coefficients are smaller than r = 0.75. The best correlation is between V400 and ρb 
(Figure 6.4) which has a correlation coefficient of r = 0.75. The increase of thermal 
conductivity λd with bulk density ρb  (Figure 6.1) has a correlation coefficient r = 0.4.  
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Figure 6.4: Velocity V400 versus bulk density 
 
 
Table 6.4 Correlation coefficients for the different petrophysical parameters 
 
  
Whole samples set 
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.68 0.39 0.29 0.34 0.74 -0.82 0.12 0.09 0.11 ρb 
  1.00 0.10 0.07 0.08 0.52 -0.14 0.13 -0.01 0.06 ρm 
    1.00 0.90 0.31 0.44 -0.45 -0.33 0.09 0.02 λd 
      1.00 0.02 0.30 -0.34 -0.24 0.01 -0.07 λs 
        1.00 0.66 -0.40 -0.18 0.25 0.17 V20 
          1.00 -0.60 -0.07 0.05 -0.01 V400 
            1.00 -0.06 -0.12 -0.11 φ 
              1.00 -0.17 -0.24 log10(κ) 
                1.00 0.62 Q20 
                  1.00 Q400  
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Igneous         
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 1.00 -0.15 -0.25 0.79 0.93 -0.55 0.48 -0.46 -0.28 ρb 
  1.00 -0.23 -0.32 0.76 0.92 -0.48 0.52 -0.52 -0.25 ρm 
    1.00 0.96 0.31 -0.02 -0.68 -0.76 0.69 -0.37 λd 
      1.00 0.15 -0.10 -0.63 -0.78 0.83 -0.13 λs 
        1.00 0.69 -0.82 0.26 -0.19 -0.70 V20 
          1.00 -0.56 0.24 -0.28 -0.22 V400 
            1.00 0.13 -0.38 0.49 φ 
              1.00 -0.58 -0.11 log10(κ) 
                1.00 0.09 Q20 
                  1.00 Q400 
 
Sedimentary 
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.42 0.79 0.63 0.57 0.74 -0.96 -0.33 0.19 0.19 ρb 
  1.00 0.57 0.53 0.18 0.43 -0.15 0.13 -0.26 -0.05 ρm 
   1.00 0.91 0.55 0.68 -0.68 -0.10 0.23 0.16 λd 
    1.00 0.25 0.47 -0.52 0.01 0.16 0.11 λs 
     1.00 0.87 -0.57 -0.44 0.30 0.17 V20 
      1.00 -0.67 -0.29 0.16 0.07 V400 
       1.00 0.08 -0.22 -0.22 φ 
        1.00 -0.13 -0.27 log10(κ) 
         1.00 0.56 Q20 
          1.00 Q400  
 
Metamorphic 
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.99 -0.08 -0.15 0.14 0.66 -0.31 -0.06 0.36 0.49 ρb 
 1.00 -0.11 -0.17 0.09 0.63 -0.18 -0.07 0.34 0.50 ρm 
  1.00 0.91 0.14 0.18 -0.16 -0.57 -0.11 -0.14 λd 
   1.00 -0.10 0.08 -0.12 -0.56 -0.09 -0.15 λs 
    1.00 0.53 -0.34 0.14 -0.03 -0.01 V20 
     1.00 -0.33 -0.19 0.10 0.12 V400 
      1.00 -0.06 -0.18 -0.05 φ 
       1.00 0.04 0.01 log10(κ) 
        1.00 0.64 Q20 
         1.00 Q400 
 
 
 
Thermal conductivity and P-wave velocity are not numerically correlated (r = 0.31 between 
λd and V20 and r = 0.44 between λd and V400). However, thermal conductivity is theoretically 
proportional to density, propagation velocity of phonons and the seismic velocity. Seismic 
velocities of minerals correlate positively with thermal conductivity, and therefore an 
increasing trend can be expected in rocks. In fact, the studied samples show this trend in 
Figure 6.3. 
 
In a further step one has divided the samples into 3 groups: sedimentary, igneous and 
metamorphic rocks. This allows us to better observe the relationship between thermal 
conductivity and velocity. Sedimentary rocks give a trend of increasing thermal conductivity 
with increasing density with r = 0.75 between λd and ρb (Figure 6.5).  
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Figure 6.5: In the sedimentary samples: ρb versus λd and V (at 20 and 400 MPa)  
 
For the sedimentary rocks, which make up 55% of all of the rock samples (see Figure 2.1.4), 
the relationship between λd and ρb shows that velocity increases with bulk density and 
therefore P velocity increases with thermal conductivity (Figure 6.6). 
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Figure 6.6 Sedimentary rock: λd versus V at 20 and 400 MPa 
 
In igneous rocks, magnetic susceptibility log10(κ) shows r = - 0.76 to λd which means 
magnetic susceptibility increases with decreasing thermal conductivity (Figure 6.7A). To 
confirm such a result one would need many more igneous samples. 
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Figure 6.7: Thermal conductivity is inversely proportional to magnetic suscepbtibility (A); 
Velocity at 20 MPa proportional to bulk density (B) in igneous rocks 
 
. 
In the metamorphic samples, a special attention is paid to the four quartzites, two amphbolites 
and one kinzigite samples. Quartzite has a lower density and abnormally high thermal 
conductivity, therefore those samples should be withdrawn from the statistical analysis. 
Amphibolite and kinzigite have also been excluded for having very high density with normal 
or lower thermal conductivity and velocity. In the Figure 6.8 the trend of a linear relationship 
exists for most of the measured metamorphic samples. 
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Figure 6.8: Thermal conductivity increases with bulk density (A); Velocity at 20 MPa 
correlates with thermal conductivity in the selected metamorphic samples (B). 
  
Besides the findings from rock categories, it can also be shown existence of linear relationship 
inside of certain type of rock which contains multiple samples. Correlation have been 
examined for limestones, gneisses, sandstones, breccias and marbles (in Appendix III). Some 
good correlations between bulk density, P-wave velocity, thermal conductivity, and porosity 
are given in Figure 6.9. Rock groups of gneiss, schist and quartzite give very poor correlation 
within measured data sets (see Appendix III). 
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Figure 6.9: Bivariate plots for rock groups: breccia, limestone, marble and sandstone 
 
6.5 Multivariate statistics: factor analysis 
 
Factor analysis is a generic term for a family of statistical techniques concerned with the 
reduction of a set of observable variables in terms of a small number of latent factors. It has 
been developed primarily for analyzing relationships among a number of measurable entities 
(such as survey items or test scores). The underlying assumption of factor analysis is that 
there exist a number of unobserved latent variables (or "factors") that account for the 
correlations among observed variables, such that if the latent variables are partial led out or 
held constant, the partial correlations among observed variables all become zero. In other 
words, the latent factors determine the values of the observed variables. It was demonstrated 
by Huegens (1997) that factors control the variances of seismic velocity, density, thermal 
conductivity and heat production of cores from the KTB pilot hole; Whilst Rauen et al. (2000) 
have used factor analysis technique to study the origin of the magnetic susceptibility of 
cuttings from the 9.1-km-deep KTB drill hole, the factor analysis reduces 13 original 
variables from the complete depth section to 5 independent initial factors. 
 
The physical property parameters (Table 6.2) contain variables which are not independent and 
may correlate with others. Factor analysis attempts to identify underlying factors that explain 
the pattern of correlations within a data set of observed variables. Therefore, in j cases factor 
analysis reduces a set of input data containing i variables to a set of f factors in the same j 
cases, but f < i. In this study the j cases correspond to j rock samples. 
 
The fundamental theorem of factor analysis is given by the matrix equation 
 
Z = A∗P ................................................................................................... (6.1) 
 
Z is the matrix with coefficients zij containing standardized original values xij of i variables in 
j cases: 
 
zij = (xij – Xi ) / σi ...................................................................................... (6.2) 
 
where zij is the standardized value of variable i from rock sample j, xij is the original value of 
variable i at sample j, Xi is the mean value (for all j) of variable i and σi is the standard 
deviation of variable i. A is the matrix with coefficients aif containing factor loadings of i 
variables and f factors. The factor loadings range from –1 to 1. P is the matrix with 
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coefficients pfj of the factor values containing f factors in j cases. The arithmetic mean of all j 
cases of each factor pfj is zero and the standard deviation is 1. 
 
The calculation steps of factor analysis are a standardization of the given data, calculation of 
the correlation matrix, estimation of the explained part of the variance of each variable 
(communalities) and extraction of the factors. The principal axis factoring and the so-called 
Kaiser criterion for determining the number of factors are used. For an easier interpretation, 
the initial factor loading matrix A is rotated into a suitable coordinate system to obtain 
maximum loadings of as few variables as possible. The so-called Varimax rotation, which is 
an orthogonal rotation of the factor loading matrix A. 
 
For the calculations the SPSS software package (SPSS for Windows, version 10.1) was used. 
The factor analysis of our data set extracts 3 factors, explaining a total of 71.8 per cent of the 
original variance. The resulting factor values pfj (f = 3, j = 88) are shown in the graphs of 
Figure 6.10. 
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Figure 6.10: Cross-plot of factor 1-3 versus variables with correlation coefficients C larger 
than 0.60 
 
Factor 1 explains 37.8 per cent of the variance of the data set and is therefore the most 
significant factor. The bulk density and the velocity at high pressure V400 have factor loadings 
of 0.95 and 0.86 respectively. This is equal to a correlation coefficient of 0.95 between factor 
1 and bulk density and of 0.86 between factor 1 and V400. The porosity anti-correlates with a 
factor loading of –0.76. The matrix density and V20 correlate with factor 1 with a loading of 
0.68 and 0.60 respectively. 
I
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Factor 2 contains the variables thermal conductivity in dry state and water-saturated state, and 
explains 17.5 per cent of the total variance. The thermal conductivity in dry state and thermal 
conductivity in water-saturated state have factor loading 0.90 and 0.89 respectively.  
Factor 3 contains variables seismic attenuation Q-factor Q20 and Q400, and explains 16.6 per 
cent of the total variance. The Q-factor Q20 and Q400 both have a factor loading of 0.86. 
 
From factor analysis of the observed data set, factor 1 and factor 2 together explain 55.3 per 
cent of the observed data. The original 10 “variables” are reduced to 3 independent factors. 
Density, seismic velocity and porosity are function as “elastic” property in the factor 1, 
density, seismic velocity and porosity having some degree of correlation within a same factor. 
Thermal conductivity in the factor analysis is of independent factor 2, representing thermal 
properties, not being correlated to density from observed data. It is also shown that seismic 
attenuation represents to factor 3, which is not associated to other observed data. Magnetic 
susceptibility is cross-related with factor 1 and factor 2. This is shown in Figure 6.11, it means 
that magnetic susceptibility cannot be distinguished from other single observed data. 
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Figure 6.11: Magnetic susceptibility cross related to (A) factor 2 and (B) factor 1. 
 
It is obvious that factor analysis of measured petrophysical parameters reduces the dataset into 
3 groups: “elastic” properties including density, porosity, and velocity; thermal property; and 
velocity attenuation. Magnetic susceptibility is affected by “elastic” and thermal properties 
from a statistical sense.  
 
From this analysis of multifactor rock physical properties, it is useful to confirm that density, 
porosity and velocity are strongly internally related and one can define and use an empirical 
relationship based on the statistical evidence. However, thermal conductivity is not 
recommended to build a relationship for the whole set of samples. Kukkonen and Peltoniemi 
(1998) using a very large number of samples (N=721) from Finland confirmed that thermal 
conductivity and P-wave velocity are not correlated. Multifactor analysis extracts the factors 
which play a role of guideline of establishing relationship amonst multiple physical 
parameters. 
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7 Conclusions 
 
In this study, basic physical properties of 90 rock samples from the Swiss Alps have been 
measured and analyzed in an integrated manner. Laboratory measurements have been carried 
out on the following physical parameters: bulk density, matrix density, thermal conductivity, 
magnetic susceptibility and P-wave velocity. Several other parameters have been deduced by 
calculation; these are porosity, anisotropy of thermal conductivity, velocity, and seismic wave 
attenuation. The major achievements are presented below: 
 
One of the most complex problems in petrophysics is pore configuration and its connectivity. 
All measured physical properties are directly or indirectly related to the state of pore 
distribution and its connection in the three-dimensional complex of pore spaces. Even a very 
small portion of pore volume in a rock affects the physical properties dramatically for 
example both thermal conductivity and seismic wave velocity. In order to explore internal 
pore connectivity, this study utilized both air and water as a “detector” to investigate the pore 
spaces. In practice the resultant thermal conductivity is linked to porosity according to three 
patterns of pores. These are partially connected, completely isolated and interconnected pores. 
Therefore the measurements of thermal conductivity in both dry and saturated states provide a 
theoretical porosity for the corresponding pore connection model. In fact, the porosity can 
also be measured from the pycnometric method by using helium to penetrate the finest pores. 
To compare the “theoretical” porosity with measured porosity from pycnometer, the alpine 
rocks studied are characterized by interconnecting pores with a low porosity. 
 
Seismic velocity-pressure dependency can be expressed by an exponential function at lower 
confining pressures (< 100 MPa) superimposed on a linear function at higher confining 
pressures. At low pressure, seismic wave velocity increases rapidly with increasing pressure. 
The initial crack closure pressure is between 80 to 100 MPa (corresponding 3 km to 3.7 km 
depth for a crustal pressure gradient of 27 MPa/km). This seismic velocity-pressure 
dependency behavior is of importance in the seismic data interpretation to make the necessary 
correction on the surface seismic velocity data. In shallow (<4 km depth) seismic data 
interpretation, a non-linear relationship must be taken into account due to effects of initial 
cracks on velocity. 
 
The relations between velocities and bulk density are important in practice because they allow 
the estimation of density from seismic velocity data or vice versa. For the three different 
groups of alpine rocks studied the empirical relationships are: 
 
 Relationship Correlation coefficient 
All samples V400 = 2.795ρb-1.310 0.75 
Sedimentary rock 
V20 = 4.437ρb – 6.340 
V400= 3.804ρb - 4.027 
λd=3.943 ρb - 7.490 
0.75 
0.90 
0.79 
Sandstone V20 = 4.378ρb – 6.801 0.82 
 
The relationship between thermal conductivity and velocity in the sedimentary rocks is:  
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 Relationship Correlation coefficient 
Sedimentary rock, 20 MPa V20 = 0.777λd + 3.118 0.66 
Sedimentary rock, 400 MPa V400= 0.654λd + 4.117 0.77 
 
However, this relationship does not hold for all the samples. 
 
From the thin section analysis of the rock samples, more than half of them show an oriented 
or foliated texture. In most of our samples the thermal conductivity exhibits a significant 
anisotropy. Through a comparison of the anisotropies in the dry state Adry with that in the 
water-saturated state Asat, the effect of water always decreases anisotropy when Adry>20%. 
The effect of water on the anisotropy of thermal conductivity reflects internal pore-shape 
distribution. When the pores are of a homogeneous spherical shape, anisotropy of thermal 
conductivity will be decreased. When anisotropy Adry<20%, the pores are more or less 
oriented in an aligned flat shape for most of the measured samples.  
 
Most samples have an intrinsic seismic velocity anisotropy of around 5%, originating from 
lithological and preferred mineral orientation. Initial microcracks can produce a wide range of 
anisotropy spanning over 20%; this suggests that the microcracks are in a preferred orientated 
direction rather than randomly distributed throughout the rock. High anisotropy was observed 
in schists and pegmatites and some of the limestones. Gneisses follow a special regular law 
with their intrinsic anisotropy being proportional to the initial anisotropy. Metamorphic rocks 
have a larger range of anisotropy values than other rocks. 
 
Although visual examination of the polished surface of the igneous rocks shows grains that 
are organized randomly, both thermal conductivity anisotropy and seismic velocity anisotropy 
were observed in these samples. 
 
Closing remarks 
 
This study demonstrates the utility of petrophysical measurements in the laboratory. The 
relationship between the different physical properties measured has been investigated with 
correlation coefficients and factor analysis for the various petrophysical parameters. From the 
correlation coefficients of the experimental data, the best relationship is between P-wave 
velocity and bulk density, whilst the thermal conductivity and P-wave velocity are not 
numerically correlated. Results from factor analysis confirm that the original 10 measured 
“parameters” can be reduced to 3 independent factors. Density, P-wave velocity and porosity 
have good degree of correlation within the same factor.  
 
Although the petrophysical parameters measured in the laboratory on surface rock samples 
are not exactly the same as those under different conditions in the deep crust, the order of 
magnitude values observed are definitely of great help for a better interpretation of 
geophysical field data. Laboratory studies definitely provide a better understanding of the 
variation of petrophysical properties with depth and other physical conditions.  
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9 Appendix 
9.1 Appendix I 
Samples used for petrophysical measurements 
 
 TYPE OF ROCK Geological Unit Location X [m]* Y[m]* Z[m]* CODE
1 Amphibolite Silvretta Zernez 801650 181300 1480 JB20 
2 Amphibolite Suretta Avers Cresta 755480 152900 1900 JB30 
3 Breccia Platta Surs 768030 154250 1538 JB23 
4 Breccia, dolomitic  Sion-Courmayeur Gravelone (Sion) 592050 119625 480 TM02 
5 Breccia, dolomitic micro- Nappe de la Brèche Manneberg 595900 157925 990 CS73 
6 Breccia, dolomitic micro- 
Préalp. médianes 
plast. Charmey 579550 162675 870 CS79 
7 Conglomerate Nappe de Glaris Route d'Elm 728005 206560 705 CS59 
8 Conglomerate Molasse subalpine Niederurnen 722275 221100 440 CS64 
9 Conglomerate, meta- Urseren zone Oberalppass 695548 166470 1880 JB35 
10 Diorite Bergell San Martino 767150 123425 1090 JB07 
11 Diorite, grano- Bergell San Martino 766925 123025 1200 JB08 
12 Diorite, grano- Bergell San Martino 769200 124050 1000 JB09 
13 Dolomite Err-Bernina, Trias Bernina 796250 146350 2100 JB16 
14 Dolomite Nappe du Wildhorn Drône, Savièse 594840 123640 840 TM25 
15 Gabbro, meta- Nappe du Tsaté La Forclaz 606300 103725 1725 TM21 
16 Gneiss Monte Leone Val Isorno 670875 115850 1020 JB01 
17 Gneiss Verampio Premia 669550 123850 710 JB06 
18 Gneiss Suretta (basement) Ausserferrera 753380 158650 1300 JB26 
19 Gneiss Tavetsch Sedrun 699920 169260 1500 JB34 
20 Gneiss, augen- Silvretta Zernez 804450 175075 1600 JB21 
21 Gneiss, granitic Monte Leone Crevadossola 668100 123500 400 JB02 
22 Gneiss, granitic Gottard Gottardpass 685850 159150 1970 JB36 
23 Gneiss, ortho-, mylonitic  N. de la Dent Blanche Ferpècle 607800 102050 1730 TM23 
24 Gneiss,monzonitic Err-Bernina Bernina 799000 143300 2335 JB18 
25 Gypsum   Drône, Savièse 594850 123640 835 TM37 
26 Gypsum, banded  Jura, Trias Staffelegg 646650 253440 560 CS52 
27 Kinzigite Margna Chiareggio 782100 132250 1600 JB14 
28 Limestone Parautochtone Aar Tierfeld 717400 193420 810 CS55 
29 Limestone Nappe de la Simme Carrière Audonces 566395 120700 490 CS69 
30 Limestone Scarl Livigno 809100 163800 1830 JB19 
31 Limestone Ultrahelvetique Vals, Piedm Strasse 739875 175735 780 JB33 
32 Limestone, bioclastic Nappe du Wildhorn Magnot 586625 118880 620 TM27 
33 
Limestone, bioclastic 
siliceous Nappe de Morcles L'Ardève, Leytron 582725 115850 560 TM26 
34 Limestone, biodetritic 
Parautocht. 
Aig.Rouges. Carrière Chiètres 566395 120700 490 CS68 
35 Limestone, biodetritic  Jura, Trias Asp 646450 255260 545 CS53 
36 Limestone, biodetritic  Nappe de Glaris Nestal 723375 212810 460 CS61 
37 Limestone, calcarenitic  Jura, Callovien Rondchâtel 585510 225180 595 CS82 
38 Limestone, cherty pelagic Nappe de la Simme Ried, Jaunpass 593540 159670 1205 CS74 
39 Limestone, dolomitic  Préalp. médianes rig Gérignoz 578660 146880 970 CS71 
40 Limestone, marble Piz Terri-Lunschania Vals-Strasse 734000 173000 1050 JB32 
41 Limestone, marly Molasse Pontenet 586240 231760 730 CS66 
42 Limestone, marly 
Préalp. médianes 
plast. le Brésil 582850 161000 910 CS77 
43 Limestone, marly Jura Rondchâtel 585600 225240 595 CS81 
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44 Limestone, micritic Nappe de Säntis Obersee-Strasse 722610 217950 730 CS62 
45 Limestone, micritic  
Préalp. médianes 
plast. le Brésil 582675 161125 910 CS78 
46 Limestone, micritic  Jura, Kimmeridgian Rondchâtel 585200 226400 610 CS85 
47 Limestone, micritic  Nappe du Wildhorn Prab  593000 125500 470 TM33 
48 Limestone, oolitic Jura, Dogger Staffelegg 646750 252840 500 CS50 
49 Limestone, oolitic  Jura, Oxfordien Rondchâtel 585850 226400 600 CS83 
50 Limestone, pelagic  Préalp. médianes rig. Jaunpass S 590250 160570 1420 CS76 
51 Limestone, reef  Jura, Oxfordien Rondchâtel 585875 226025 600 CS84 
52 Limestone, shaley Err-Bernina, Trias Bernina 796250 146350 2100 JB17 
53 Limestone, siliceous Nappe de Säntis Obersee-Strasse 722550 217400 640 CS63 
54 Limestone, siliceous  Nappe d'Axen Klausen-Strasse 714750 196210 1330 CS58 
55 Limestone, sub-lithographic Jura, Portlandien Rondchâtel 585700 226510 610 CS86 
56 Marble Zone d'Urseren Col de la Furka 679050 160550 2090 CS65 
57 Marble Monte Leone Crevadossola 665850 112075 480 JB03 
58 Marble Malenco Malenco, Strada di Franscia 789000 128500 1200 JB10 
59 Marble Nappe de Morcles La Sarva, Saillon 579520 113340 520 TM29 
60 Marble, banded Monte Leone Crevadossola 665850 112075 480 JB04 
61 Marble, dolomitic Suretta Ausserferrera 753380 158650 1300 JB27 
62 Marble, micaceous Nappe du Tsaté Martémo(Evolène) 604175 108175 1700 TM17 
63 Monzonite Err-Bernina Bernina 792900 147700 1990 JB15 
64 Pegmatite Nappe de Siviez-M. Praz-Jean 601590 110650 1150 TM13 
65 Quartzite Suretta Avers Cröt 757100 149600 1720 JB28 
66 Quartzite Nappe de Siviez-M. Route d'Annivers, Fang 610860 119975 1150 TM06 
67 Quartzite, pebbly Permien Illanz 735450 182125 705 JB31 
68 Quartzite, pebbly  Nappe de Siviez-M. Combaneire (Dailley) 601580 120700 1040 TM05 
69 Radiolarite Nappe de la Simme Jaunpass N 593330 160320 1415 CS75 
70 Sandstone Flysch  Aar Klausen-Strasse 717260 196790 760 CS56 
71 Sandstone Molasse Tauanne 581210 229430 780 CS67 
72 Sandstone Nappe du Niesen Route des Mosses La Loex 571060 134500 1145 CS70 
73 Sandstone Nappe des Dranses Gérignoz 579000 146790 945 CS72 
74 Sandstone, marly Molasse sup. subalp. Barrage de Rossens 575020 174260 675 CS80 
75 Sandstone, micaceous  Zone houillère,int. Chandoline(Sion) 593975 118675 500 TM03 
76 Sandstone, quartz-calcite  
Zone Sion-
Courmayeur 
Route des mayens de 
Riddes 583550 111920 1110 TM01 
77 Sandstone, red  Jura Gausingen 651610 266750 450 CS54 
78 Sandstone, red  Nappe de Glaris Elm-Strasse 728005 206560 705 CS60 
79 Schist, green- Nappe du Tsaté Les Haudères 605625 103580 1420 TM20 
80 Schist, Mica-, albitic Nappe de Siviez-M. Praz-Jean 601475 110750 1120 TM10 
81 Schist,calc- Suretta Avers Cresta 760025 148130 1900 JB29 
82 Schist,calc- Tomül flysch Thusis 753200 176400 750 JB24 
83 Schist,calc- Tomül flysch Sufers 746475 158475 1500 JB25 
84 Schist,quartz- Nappe de Siviez-M. Bevernec (Mase) 599025 116400 1245 TM08 
85 Serpentinite Malenco Malenco, Strada di Franscia 790050 129100 1500 JB13 
86 Serpentinite Malenco Malenco, Strada di Franscia 789000 128500 1200 JB11 
87 Serpentinite Malenco Malenco, Strada di Franscia 790050 129100 1500 JB12 
88 Serpentinite Platta Lac de Sils 775850 143590 1800 JB22 
89 Serpentinite Nappe du Tsaté   607100 102775 1690 TM22 
90 Siltstone Parautochtone Aar Klausen-Strasse 717260 196790 760 CS57 
 
* X,Y are Swiss co-ordinates, Z is altitude above sea level. 
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9.2 Appendix II 
 
Program for retrieval of thermal conductivity measurements 
 
10 rem this program for UNEDIT record of thermal conductivity 
20 rem Program by Petrophysics Laboratory, Dept. Mineralogy, University of Geneva 
30 rem    Gangyan Gong 25 April,1995 
40 DIM DA$(10,15),DA(10,15),DD$(10,15) 
45 CLS 
50 LINE INPUT "Name of Sample (a: or b: ******) ";NNN$ 
60 rem read original records from floppy 
100 LINE INPUT "Enter the filename for out   ";SOUT$ 
110 OPEN SOUT$ FOR APPEND AS #3 
120 PRINT #3,"*********************";SOUT$;"******************************" 
130 PRINT #3,:PRINT #3,:PRINT #3,: 
140 PRINT #3,"       Sample           :  ";NNN$ 
200 PRINT #3,"       Date               ";DATE$     
310 CLS:LOCATE 5,5:PRINT "please wait for read data .... .... " 
330 GOSUB 1000 
335 KA=0 
340 FOR J=1 TO N1 
345 KA=KA+DA(J,11):NEXT J 
350 DVI=0:KA=KA/N1 
355 FOR J=1 TO N1 
357 IF N1=1 THEN 362 
360 DVI=((KA-DA(J,11))^2)+DVI 
362 NEXT J 
364 DVI=SQR(DVI/(N1-1)) 
365 PRINT #3,"Aaverage  K = ";:PRINT #3,USING"#.####";KA 
370 PRINT #3,"St. Deviation ";:PRINT #3,USING"#.####";DVI 
372 PRINT #3,:PRINT #3,:PRINT #3,:PRINT #3,: 
375 PRINT #3,"File_";SOUT$;" GNo";DA(1,3);"SNo";DA(1,4);"RNo";N1;"H";DA(1,9);: 
390 PRINT #3,"Mean(W/m.K)";:PRINT #3,USING"#.####";KA;:PRINT #3," StD. ";:PRINT 
#3,USING"#.####";DVI 
400 PRINT #3,:PRINT #3,:PRINT #3,: 
405 FOR I=1 TO N1:PRINT #3,"       K=";:PRINT #3,USING"##.####";DA(I,11);:PRINT 
#3," W/m.K" 
406 NEXT I 
408 PRINT #3,:PRINT #3,: 
410 PRINT #3,"*******************";SOUT$;"*****  here is the end  *************" 
520 LOCATE 15,5:PRINT "Data reading already  !!" 
530 REM IF IDC$="p" OR IDC$="P" THEN GOSUB 2000 
540 REM IF IDC$="s" OR IDC$="S" THEN GOSUB 3000 
550 CLOSE #3 
560 CLS:LOCATE 5,5:PRINT "Continuing or Break (c/b) ?" 
570 CHO$=INKEY$:IF CHO$="" THEN GOTO 570 
580 IF CHO$="c" OR CHO$="C" THEN 45 
590 IF CHO$="b" OR CHO$="B" THEN SYSTEM  
600 END 
9:Appendix  
139 
1000 REM subroutine of reading data from Kemtherm QTM-D3 Thermal Conductivity Meter 
1005 LOCATE 7,5:PRINT " input data filename is : ";NNN$; 
1010 OPEN NNN$ FOR INPUT AS #1 
1020 C=0 
1030 WHILE NOT EOF(1) 
1040 C=C+1 
1050 INPUT #1,ADATA$ 
1060 GOTO 1030 
1070 WEND 
1100 LOCATE 10,5:PRINT "Sampling items are ";C/15:N=C 
1102 N1=INT(N/15):PRINT "n1=";N1 
1110 CLOSE #1 
1120 OPEN NNN$ FOR INPUT AS #2 
1130 FOR J=1 TO N1:FOR I=1 TO 15 
1140 INPUT #2,ADATA$:DD$(J,I)=ADATA$:PRINT #3,ADATA$:NEXT I:NEXT 
J:CLOSE #2 
1141 FOR J=1 TO N1 
1142 DA(J,3)=VAL(RIGHT$(DD$(J,3),3)) 
1144 DA(J,4)=VAL(RIGHT$(DD$(J,4),3)) 
1146 DA$(J,5)=DD$(J,5) 
1148 DA$(J,6)=RIGHT$(DD$(J,6),6) 
1150 DA$(J,7)=RIGHT$(DD$(J,7),7) 
1152 DA$(J,8)=RIGHT$(DD$(J,8),3) 
1154 DA(J,9)=VAL(RIGHT$(DD$(J,9),4)) 
1156 DA$(J,10)=DD$(J,10) 
1158 DA(J,11)=VAL(MID$(DD$(J,11),14,7)):PRINT "DA(";J;"11)=";DA(J,11) 
1160 DA(J,12)=VAL(MID$(DD$(J,12),14,2)) 
1162 DA(J,13)=VAL(MID$(DD$(J,13),14,2)) 
1164 DA(J,14)=VAL(MID$(DD$(J,14),14,2)) 
1166 DA(J,15)=VAL(MID$(DD$(J,15),14,2)) 
1190 NEXT J 
1290 RETURN 
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9.3 Appendix III 
 
Correlation coefficients of measured petrophysical parameters for different rock types 
Breccia (4)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.88 0.24 -0.33 0.14 0.70 0.16 0.76 -0.96 -0.99 ρb 
  1.00 -0.18 -0.61 -0.31 0.29 0.61 0.71 -0.92 -0.79 ρm 
    1.00 0.82 0.99 0.84 -0.77 -0.23 0.02 -0.33 λd 
      1.00 0.84 0.39 -0.72 -0.73 0.57 0.25 λs 
        1.00 0.80 -0.86 -0.25 0.10 -0.26 V20 
          1.00 -0.55 0.32 -0.51 -0.78 V400 
            1.00 0.20 -0.31 0.00 φ 
              1.00 -0.89 -0.77 log10(κ) 
                1.00 0.94 Q20 
                  1.00 Q400 
Gneiss (9)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.96 0.13 0.13 0.44 0.36 -0.61 -0.16 -0.25 0.23 ρb 
  1.00 0.10 0.02 0.45 0.25 -0.38 -0.12 -0.25 0.04 ρm 
    1.00 0.70 -0.57 -0.54 -0.18 -0.17 0.08 0.26 λd 
      1.00 -0.10 -0.03 -0.41 -0.15 -0.13 0.36 λs 
        1.00 0.63 -0.16 0.06 -0.19 -0.15 V20 
          1.00 -0.54 0.27 -0.59 -0.02 V400 
            1.00 0.19 0.13 -0.66 φ 
              1.00 -0.58 -0.13 log10(κ) 
                1.00 0.30 Q20 
                  1.00 Q400 
Limestone (28)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.56 0.51 0.19 0.58 0.88 -0.88 0.27 -0.15 -0.41 ρb 
  1.00 0.57 0.38 0.19 0.48 -0.09 0.47 0.05 -0.24 ρm 
    1.00 0.86 0.35 0.51 -0.29 0.21 -0.12 -0.32 λd 
      1.00 0.02 0.19 -0.02 0.23 -0.16 -0.31 λs 
        1.00 0.85 -0.60 -0.18 0.15 -0.16 V20 
          1.00 -0.78 0.06 -0.08 -0.37 V400 
            1.00 -0.06 0.20 0.36 φ 
              1.00 0.11 -0.16 log10(κ) 
                1.00 0.46 Q20 
                  1.00 Q400 
Marble (7)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.98 0.76 0.94 0.01 0.97 -0.24 -0.97 0.23 -0.17 ρb 
  1.00 0.81 0.98 -0.01 0.95 -0.03 -0.91 0.14 0.01 ρm 
    1.00 0.89 0.47 0.77 0.15 -0.70 0.17 0.41 λd 
      1.00 0.11 0.95 0.06 -0.87 0.11 0.12 λs 
        1.00 0.09 -0.11 -0.14 0.62 0.47 V20 
          1.00 -0.21 -0.97 0.30 -0.13 V400 
            1.00 0.38 -0.43 0.80 φ 
              1.00 -0.44 0.23 log10(κ) 
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                1.00 0.03 Q20 
                  1.00 Q400 
 
Quartzite (4)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.97 -1.00 -0.98 -0.28 -0.59 0.45 0.94 -0.18 -0.33 ρb 
  1.00 -0.97 -0.99 -0.07 -0.38 0.65 0.94 -0.30 -0.46 ρm 
    1.00 0.97 0.32 0.61 -0.44 -0.96 0.12 0.28 λd 
      1.00 0.08 0.43 -0.56 -0.90 0.37 0.51 λs 
        1.00 0.91 0.61 -0.32 -0.79 -0.75 V20 
          1.00 0.44 -0.52 -0.47 -0.40 V400 
            1.00 0.53 -0.52 -0.64 φ 
              1.00 0.03 -0.15 log10(κ) 
                1.00 0.98 Q20 
                  1.00 Q400 
Sandstone (8)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 0.26 0.88 0.68 0.81 0.95 -0.99 -0.74 0.23 0.55 ρb 
  1.00 0.20 0.44 -0.05 0.07 -0.15 0.08 -0.37 0.06 ρm 
    1.00 0.81 0.92 0.93 -0.88 -0.72 0.58 0.69 λd 
      1.00 0.54 0.71 -0.65 -0.61 0.35 0.32 λs 
        1.00 0.89 -0.84 -0.70 0.61 0.71 V20 
          1.00 -0.97 -0.72 0.45 0.63 V400 
            1.00 0.76 -0.35 -0.55 φ 
              1.00 -0.39 -0.13 log10(κ) 
                1.00 0.60 Q20 
                  1.00 Q400 
Schist (6)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 1.00 -0.50 -0.68 -0.62 0.73 -0.52 0.16 -0.03 -0.25 ρb 
  1.00 -0.57 -0.74 -0.61 0.78 -0.43 0.20 -0.02 -0.16 ρm 
    1.00 0.96 0.58 -0.73 -0.37 -0.57 -0.40 -0.62 λd 
      1.00 0.58 -0.86 -0.17 -0.39 -0.21 -0.43 λs 
        1.00 -0.29 0.39 -0.57 -0.71 0.01 V20 
          1.00 0.06 0.01 -0.25 0.32 V400 
            1.00 0.30 0.11 0.86 φ 
              1.00 0.84 0.44 log10(κ) 
                1.00 0.30 Q20 
                  1.00 Q400 
Serpentinite (5)      
ρb ρm λd λs V20 V400 φ log10(κ) Q20 Q400   
1.00 1.00 0.63 0.12 0.72 0.87 -0.08 0.20 -0.59 0.28 ρb 
  1.00 0.57 0.05 0.73 0.85 0.01 0.21 -0.62 0.27 ρm 
    1.00 0.73 0.24 0.59 -0.74 -0.10 0.02 0.56 λd 
      1.00 -0.46 0.00 -0.81 0.26 0.61 0.36 λs 
        1.00 0.87 0.14 -0.33 -0.95 0.01 V20 
          1.00 -0.27 -0.11 -0.78 0.01 V400 
            1.00 0.15 -0.28 -0.10 φ 
              1.00 0.18 -0.28 log10(κ) 
                1.00 0.31 Q20 
                  1.00 Q400 
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